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The rapidly growing population and expansion of industrial facilities in Saudi Arabia 
has recently led to the construction of huge industrial cities and associated network of 
roads and airports. One of the typical problems in the construction of roads along the 
coastal regions of the Arabian Gulf, the red sea, and northern and southern parts of the 
country is ascribable to the scarcity of good quality soils. This has led to the increased 
construction cost of road projects which in turn increased the need to search for 
alternative methods to modify the quality of the vast local marginal soils to be used in 
construction projects through various soil treatments.  
Sulfur is a by-product of oil and gas production and its rate of production is 
increasing rapidly every year. Although sulfur is a vital raw material to manufacture a 
myriad of products, its abundance reduced its price worldwide. The storage of the sulfur 
will pose an environmental hazard. Since sulfur asphalt has proven its advantage when 
used to build local roads and was utilized to reduce the required asphalt cement up to 
30%, therefore, this study looked into the possible usage of new bituminous materials 
formed using foamed and emulsified asphalts utilizing 30/70 sulfur asphalt in improving 
xix 
 
the engineering properties of local soils in the Eastern Province of the Kingdom of Saudi 
Arabia. 
The main objective of this study was to use foamed and emulsified asphalts utilizing 
30/70 sulfur asphalt for the stabilization of local indigenous eastern Saudi soils including 
marl, sabkha and dune sand. To achieve this objective, the optimum binder content of 
sulfur foamed/emulsified asphalt was optimized and the produced mixes were evaluated 
using Marshall stability, split tensile strength, durability, resilient modulus, static and 
dynamic triaxial and wheel tracking tests, and then compared to those prepared with 
regular foamed and emulsified asphalts. Permanent deformation of stabilized mixes at 
optimum binder content was modeled and simulated using dynamic triaxial and wheel 
tracking tests. The developed models were calibrated to predict rutting using VESYS 5W 
software and develop design charts for local road applications. 
Results indicated that the modified sulfur foamed asphalt (SFA) increased the 
stability and indirect tensile strength (ITS) of the investigated soils. In addition, SFA 
mixes enhanced the cohesion of the treated soils and increased the rutting resistance 
compared to conventional foam asphalt (FA) mixes. On the other hand, sulfur emulsion 
asphalt (SEA) slightly reduced the stability and increased the ITS of the treated soils. 
Furthermore, the SEA reduced the shear strength and increased the rutting susceptibility 
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أدخ اٌض٠ادج اٌسىأ١ح ٚاٌرٛسع اٌعّشأٟ ٚاٌصٕاعٟ فٟ اٌٍّّىح اٌعشت١ح اٌسعٛد٠ح اٌٟ أشاء اٌعذ٠ذ ِٓ اٌّذْ اٌسىٕ١ح 
 ٚ ذعرثش ٔذسج اٌّٛاد الأشائ١ح اٌد١ذج ٚ طشق ِٚطاساخٚاٌصٕاع١ح اٌضخّح ِٚاذرطٍثٗ ٘زٖ اٌّذْ ِٓ شثىاخ 
اٌّسرخذِح فٟ أشاء اٌطشق عٍٝ اِرذاد اٌخظ اٌساحٍٟ ٌٍخٍ١ح اٌعشتٟ ٚاٌثحش الاحّش ٚوزٌه الاخضاء اٌشّاٌ١ح 
ذؤدٞ اٌٟ ص٠ادج ذىٍفح ِشاس٠ع اٌطشق ٚاٌزٞ تذٚسٖ ٠رطٍة  ٚاٌدٕٛت١ح ِٓ اٌٍّّىح ِٓ اتشص اٌّشاوً ٚاٌّعٛلاخ اٌرٟ
 ضاعفح اٌدٙٛد ٚاٌثحث عٓ طشق تذ٠ٍح ٌرحس١ٓ اٌرشب اٌّحٍ١ح اٌضع١فح لاسرخذاِٙا فٟ اٌّشاس٠ع الأشائ١ح.ِ
ذٕرح ِادج اٌىثش٠د تىّ١اخ وث١شج اثٕاء عٍّ١ح أراج إٌفظ ٚاٌغاص  وّادج ثأٛ٠ح ٚذضداد ِعذلاخ الأراج سٕٛ٠ا تشىً 
ذَ فٟ ذصٕ١ع اٌعذ٠ذ ِٓ إٌّرداخ الا اْ ٚفشذٗ ادٜ اٌٝ عرثش ِادج خاَ ذسرخ٠ٍِحٛظ. ٚعٍٝ اٌشغُ ِٓ اْ اٌىثش٠د 
فٟ أشاء اٌطشق ح١ث ٠ّىٓ  ٍر١ح اٌّسرخذِحفأخفاض سعشٖ عاٌّ١ا. ٌمذ اثثد اٌىثش٠د فعاٌ١رح فٟ اٌخٍطاخ الاس
%.  ٌٚٙزا فاْ ٘زٖ اٌذساسح تحثد فٟ اِىأ١ح أراج ٚاسرخذاَ 30ِٓ وّ١ح الاسفٍد تٕسثح ذصً اٌٝ اسرخذاِٗ ٌٍحذ 
اٌّحٍ١ح فٟ  ح% فٟ ذثث١د ٚذحس١ٓ اٌخٛاص اٌّ١ىأ١ى١ح ٌٍرشت30غٛج ِٚسرحٍة الاسفٍد اٌّحسٓ تاٌىثش٠د تٕسثح س
إٌّطمح اٌششل١ح ٌٍٍّّىح اٌعشت١ح اٌسعٛد٠ح ِثً اٌرشتح اٌد١ش٠ح (اٌّاسي) ٚاٌسثخح ٚاٌشًِ ِٚماسٔرٙا تخٍطاخ سغٛج 
 ِٚسرحٍة الاسفٍد الاعر١اد٠ح.
ا٠داد إٌسة اٌّثٍٝ ٌشغٛج ِٚسرحٍة  ٚرخذاَ طش٠مح ِاسشاي ٌرصّ١ُ اٌخٍطاخ الاسفٍر١ح ٌٚرحم١ك ٘زا اٌٙذف ذُ اس
الاسفٍد اٌّحسٓ تاٌىثش٠د ٚالاعر١ادٞ ِٚٓ ثُ ذم١١ُ ٘زٖ اٌخٍطاخ تاسرخذاَ عذج اخرثاساخ ِ١ىأ١ى١ح شٍّد اخرثاس لٛج 
ّشٚٔح اٌذ٠ٕاِ١ىٟ ٚاخرثاس لٛج اٌمض ِماِٚح الأشطاس تاٌشذ ٚٔسثح فمذاْ اٌمٛج ٔر١دح اٌرعشض ٌٍّاء ٚ ِعاًِ اٌ
اٌرخذد اٚ اٌرشٖٛ اٌذائُ). وّاذُ ِحاواج ّٚٔزخح اٌرخذد تاسرخذاَ اخرثاس  اٌضحف ( ٚصاٚ٠ح الاحرىان اٌذاخٍٟ ٚاخرثاس
 .عدً ٌٍّحاواجاٌرحّ١ً اٌذ٠ٕاِ١ىٟ اٌثلاثٟ ٚاخرثاس اٌ
 ixx
 
 ٚ اٌسثخح ٚاْ سغٛج الاسفٍد اٌّحسٕح تاٌىثش٠د حسٕد خٛاص اٌرشب (اٌرشتح اٌد١ش٠ح اٌٝ اشاسخ ٔرائح اٌذساسح 
فٍد اٌّحسٓ ساٌشًِ) ٚصادخ ِٓ ِماِٚرٙا ٌٍرخذد ِماسٔح تاٌشغٛج الاسفٍر١ح اٌعاد٠ح. فٟ اٌّماتً ٚخذ اْ ِسرحٍة الا
ِماسٔح تّسرحٍة  اٌرخذدِٓ لاتٍ١ح حسٓ ِعاًِ اٌّشٚٔح اٌذ٠ٕاِ١ىٟ ِٚماِٚح الأشطاس تاٌشذ ت١ّٕا صاد  لذ تاٌىثش٠د
تّمذاس اٌرخذد تذلح عاٌ١ح. ٕثؤوّا ٚخذ اْ إٌّارج اٌّطٛسج ٚاٌّعا٠شج لادسج عٍٝ اٌر ,فٍد اٌعادٞسالا
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1 CHAPTER 1 
INTRODUCTION 
1.1 GENERAL 
Due to the rapid growing population and expansion of industrial facilities, Saudi 
Arabia has been constructing huge industrial cities and associated network of roads and 
airports. One of the typical problems in the construction of roads along the coastal areas 
of the Arabian Gulf, the red sea, and northern and southern parts of the country is 
ascribable to the scarcity of good quality soils. This has led to the increased construction 
cost of road, projects which in turn increased the need to look for alternative methods to 
modify the quality of the huge local marginal soils to be used in construction projects 
through soil stabilization. Several soil treatment stabilizers have been used including 
cement, lime, asphalt, cement kiln dust, fly ash, acids, enzymes, polymers, ion-modifiers, 
etc.(Al-Abdul Wahhab et al., 1989, 1994; Asi et al., 1995, 1999; Aiban et al., 1997, 1999; 
and Abdullah, 2009). Using soil stabilization is to improve the engineering properties of 
the soil in order to fulfill the project specifications for the intended use. 
Foamed and emulsified asphalt were formulated using local asphalt cement and used 
environmentally friendly and cost-effective solutions for road building (Abdul Wahhab, 
1985, 1992; Al-Abdul Wahhab et al., 2006; Al-Abdul Wahhab and Asi, 1993, 1997; Al-
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Abdul Wahhab and Hicks, 1988; Asi et al., 1998, 1999, 2002; KFUPM, 2005, 2008). 
Sulfur is a by-product of oil and gas production and its rate of production is increasing 
rapidly every year. Saudi Arabia is one of the largest producers of the sulfur, for example, 
Saudi Aramco produces sulfur at a rate of approximately 6000 ton/day and it is expected 
to increase to 10,000 ton/day in few years (Baig et al., 2009). Although sulfur is a vital 
raw material to manufacture a myriad of products, its abundance reduced its price 
worldwide. The storage of the sulfur will pose an environmental hazard. Thus, 
constructional usages should be investigated to utilize this abundant sulfur in a useful, 
economical, and environmental-friendly way. Sulfur asphalt has proven its advantage 
when used to build local roads and was used to reduce the required asphalt cement up to 
30% (KFUPM, 2008) with no short-term or long-term environmental hazards as indicated 
by the low emission of hazardous gases at road surface temperature as high as 76ºC 
prevailing in Saudi Arabia (Al-Abdul Wahhab and Baig, 2007; Baig et al., 2009). 
Similarly, sulfur can be used to reduce the binder content of foamed and emulsified 
asphalt. 
1.2 PROBLEM STATEMENT  
Due to the shortage in the good quality of construction materials of roads along 
the coastal regions of the Arabian Gulf, the red sea, and northern and southern part of the 
country, there is an increase in the construction cost of road projects which in turn 
increased the need to search for alternative methods to modify the quality of the vast 
local marginal soils to be used in construction projects through soil treatment. 
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Since sulfur asphalt has proven its advantage when used to build local roads and was 
utilized to reduce the required asphalt cement up to 30%, therefore, this study looked into 
the possible usage of new bituminous materials formed using foamed and emulsified 
asphalts utilizing 30/70 sulfur asphalt in improving the engineering properties of local 
soils in the Eastern Province of the Kingdom of Saudi Arabia. 
1.3 SIGNIFICANCE OF THIS STUDY 
Since sulfur is considered as a by-product of oil and gas production in many 
petroleum and chemical plants spreading in Saudi Arabia (i.e. Saudi Aramco) and over 
the entire world, it would be a noble task if these waste materials are being utilized in 
structural units such as stabilization of indigenous soils. Therefore, an extensive work 
was done in this study to investigate the possibility of utilizing 30/70 sulfur asphalt to 
formulate foamed and emulsified asphalt and using in the stabilization of three selected 
indigenous eastern Saudi soils (namely, dune sand, marl and sabkha).  
1.4 OBJECTIVES 
The main objectives of this study are: 
 To investigate various properties of local indigenous eastern Saudi soils including 
marl, sabkha and dune sand stabilized with foamed and emulsified asphalts 
utilizing 30/70 sulfur asphalt. 
 To simulate permanent deformation of stabilized soils mixes using dynamic 
triaxial and wheel tracking tests. 
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 To develop a model to predict rutting and construct pavement thickness design 
charts.  
 To calibrate and validate the developed model.  
1.5 METHODOLOGY 
To accomplish the objectives of this study, the following tasks were performed: 
Task 1: in this task the materials used were collected and characterized. 
Task 2: mixes were designed using Marshall stability, split tensile strength and durability 
tests. 
Task 3: the designed mixes were evaluated using, static and dynamic triaxial shear 
strength, and wheel tracking tests, and then compared to those prepared with regular 
foamed and emulsified asphalts. The results of such tests are required for the structural 
design of layers constructed from sulfur foamed bitumen or sulfur emulsified bitumen 
treated material.  
Task 4: statistical analyses were performed to test the significance of many factors on the 
mechanical properties of the stabilized mixes and regression models were also developed.  
Task 5: models for prediction the permanent deformation of the stabilized mixes were 
developed based on the dynamic triaxial test results. 
Task 6: The developed models were calibrated and validated using wheel tracking test 




1.6 ORGANIZATION OF THE DISSERTATION 
The dissertation report consists of six chapters. Chapter one is the introduction, 
significance and objectives of the study. Chapter 2 presents extensive literature review 
related to the soil stabilization, foamed stabilization, emulsified stabilization, sulfur 
extended asphalt and modeling of permanent deformation. The experimental work of the 
study is explained in Chapter 3 while the results of the experimental program and the 
analysis of these results are listed in Chapter 4. Chapter 5 contains the modeling of 
permanent deformation of the stabilized soils mixes and calibrating and validating these 
models. In addition, pavement thickness design charts are included in Chapter 5. Finally, 




2 CHAPTER 2 
LITERATURE REVIEW 
2.1 SOIL STABILIZATION 
 Due to the tremendous growing and expansion of industrial facilities in Saudi 
Arabia and Arabian Gulf countries in general especially those located along the coastal 
line of the Gulf, huge industrial cities and associated network of roads and airports are 
being built. One of the typical problems in the construction of roads along those coastal 
regions is ascribable to the scarcity of good quality soils. Thus, soil stabilization plays an 
important role in the improvement of the engineering properties of weak soils in order to 
meet the general project specifications for the intended use. Generally, in geotechnical 
engineering field and particularly in soil stabilization, the parent soils are practically 
categorized under either cohesionless soils (i.e., sandy and other coarse-grained soils) or 
cohesive soils (i.e., primarily clay and silt). For clay soil stabilization, lime, sometimes in 
combination with fly ash and possibly with some Portland cement addition, is considered 
as the premium material stabilizer (Sreekrishnavilasam et al. 2007). In the case of sandy 
soils, which are commonly selected in the pavement layers, the usage of Portland 
cements, cement kiln dust, fly ash, or combination of them and bitumen may provide 
cementitious materials which enhance their binding characteristics (Abdullah, 2009; Al-
Amoudi et al., 2006; Al-Aghbari and Dutta 2008). 
Soils used in pavements may be stabilized or modified through the addition of 
chemicals or bitumen. The principal benefits of stabilization include a reduction in 
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pavement thickness, provision of a construction platform, decreased swell potential, and 
reduction of the susceptibility to pumping as well as the susceptibility to strength loss due 
to moisture. 
Numerous chemicals have been used for soil stabilization in many engineering 
projects. Road way surfacing options catalog stated some of these chemicals such as 
Chlorides, Salts, Calcium Chloride (Nacl2), Electrolyte Stabilizers, Ionic Stabilizers, 
Sulfonated Oils, Electrochemical Stabilizers, Enzymatic Emulsions, Enzymes, Synthetic 
Polymer Emulsions, Polyvinyl Acetate, Vinyl Acrylic, Tree Resin Emulsions, Tall Oil 
Emulsions, Pine Tar Emulsions, sodium hydroxide, gypsum, sodium silicate, iron oxides, 
phosphoric acid, aniline-furfural, lignosulfonate derivatives, and many others have been 
tried in soil stabilization for different purposes. Amongst those mentioned, the most 
popular are Organic Petroleum Emulsions, Emulsified Asphalt, Cutback Asphalt, Foamed 
Asphalt, and Warm Asphalt. 
Most suitable soils for bituminous admixtures are sandy gravels, sands, clayey 
and silty sands and fine-crushed rock. Highly plastic clays can be treated successfully but 
may require high quantities of bitumen. The performance and properties of bituminous-
stabilized silt-clay soils are affected by clay type, type of exchangeable cations present in 
clay, soil organic matter and bitumen type and composition. Bituminous uses, 
applicability, testing procedures, construction and characteristics of the mixture have 
been discussed in many standards and publications such as ASTM and Asphalt Institute 
(UFC, 2004; McCarthy, 2005). 
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Stabilization of soils and aggregates with asphalt differs greatly from cement and lime 
stabilization. The basic mechanism involved in asphalt stabilization of fine-grained soils 
is waterproofing phenomenon. Soil particles or soil agglomerates are coated with asphalt 
that prevents or slows the penetration of water which could normally result in a decrease 
in soil strength. In addition, asphalt stabilization can improve durability characteristics by 
making the soil resistant to the detrimental effects of water such as volume. In 
noncohesive materials, such as sands, gravel, crushed gravel, and crushed stone, two 
basic mechanism are active: waterproofing and adhesion. The asphalt coating on the 
cohesionless materials provides a membrane which prevents or hinders the penetration of 
water and thereby reduces the tendency of the material to lose strength in the presence of 
water. The second mechanism has been identified as adhesion. The aggregate particles 
adhere to the asphalt and the asphalt acts as a binder or cement. The cementing effect 
thus increases shear strength by increasing cohesion. Criteria for design of bituminous 
stabilized soils and aggregates are based on almost entirely on stability and gradation 
requirements (Christopher et al., 2006; UFC, 2004; McCarthy, 2005). 
Bituminous materials have been used in the United States since 1870. Soil and 
sand-asphalt stabilization projects were constructed in the United States in 1930 (Terrel et 
al., 1984). Since then, many low traffic roads have utilized mixed-in-place asphalt 
stabilization. In addition, hot, central plant asphalt stabilization has been used. Asphalts 
most commonly used are refined from petroleum. Asphalt cement, cutback asphalts and 
emulsified asphalts have been used in soil stabilization. Asphalt consists of inert mineral 
particles impregnated or cemented by bitumen. In general, bitumen is taken to include 
both tar and asphalt and the use of such material is collectively called bituminous 
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stabilization. Depending on the granulometric composition and the physical properties of 
the soil, there are four types of bitumen stabilized products: soil bitumen, sand bitumen, 
waterproofed granular stabilization and oiled earth (Hausmann, 1999). The main 
objectives of stabilizing soils with bituminous materials are: 
 waterproofing fine-grained soils; 
 construction expediency; 
 upgrading of marginal material; 
 reducing dust; and 
 providing cohesion to granular material. 
2.2 FOAMED ASPHALT    
The basic idea of asphalt foaming is to inject a small quantity of cold water 
(usually with a mass ratio of 1% to 5% to the asphalt binder) together with compressed 
air into hot asphalt (140°C to 180°C) in a specially designed chamber.  The water 
experiences a sudden temperature increase and becomes steam.  When the mixture of 
asphalt cement, steam and compressed air is injected into the ambient air, asphalt is 
temporarily expanded into numerous bubbles with greatly increased surface area per unit 
mass. The purpose of asphalt foaming is to make it easier for asphalt to disperse into cold 
granular materials at ambient temperature. Foamed asphalt technology was developed 
more than 30 years ago (Al-Abdul Wahhab et al., 2007, 2012), but it did not gain much 
acceptance or implementation after its development, mainly because the required 
equipments were not available at that time to produce or apply the product on a 
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commercial scale. Recently, due to the advantages of foamed asphalt technology in 
improved aggregate penetration, coating capabilities, handling, and compaction 
characteristics, it has progressively  gained acceptance as an efficient and economical  
construction materials improvement and stabilization technique. Saudi Arabia used 
foamed asphalt application in 1997 in Shaybah oilfield road. The road was constructed 
using compacted marl base and subbase. Foamed bitumen was used to recycle the top 
200 mm of the marl road which in turn graded and compacted to the required profile to 
produce the foamed asphalt pavement. The foamed asphalt was subsequently surfaced 
with a slurry seal. The overall assessment of the performance of the road and its condition 
from the data collected was that the road and the foamed asphalt, in specific, performed 
very well under the heavy traffic loading and harsh conditions for the proposed design 
life (Al-Abdul Wahhab et al., 2007, 2012; Asi et al., 2002). 
Foamed asphalt technology has been successfully employed in Europe, Africa, 
and Middle East since the late 1980s and is being increasingly adopted in the U.S., 
Canada, and Australia as its benefits become widely know (Kendall et al., 2001; Lee, 
1981; Muthen, 1998 a and b; Soter International, 1994). 
Foamed asphalt has different behavior than regular asphalt during the application 
process. Foamed asphalt mixture acts like soil treatment rather than asphalt concrete mix. 
Foamed asphalt is not appropriate for every road due to its moisture sensitivity. The 
technique did not work on some trial roads because the water table is high or springs flow 
underneath these roads. There will be a negative effect on the top layer due to the 
existence of the water table which softens and weakens the subgrade. Foamed asphalt 
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technology will work well as long as the subgrade is good (Al-Abdul Wahhab et al., 
2012; FHWA, 2003). 
In Eastern Province of Saudi Arabia, 350 km of access road for Shaybah oil fields 
was constructed over sabkha subgrade, utilizing marl soils together with foamed asphalt. 
The road is located in the extremely arid and hot climate of Al-Rub Al-Khali desert (Asi 
et al., 2002). 
Asi et al. (1998, 1999, 2002) carried out several laboratory researches to study the 
possibility of using foamed asphalt technology in Saudi Arabia to improve the dune sands 
or sabkha soils for possible use as a base or subbase material in comparison to emulsified 
asphalt treatment. Several variables were investigated to evaluate the relative 
improvement of local soils as well as to permit the development of design procedures for 
the future use of foamed asphalt technology in the harsh climatic conditions of eastern 
Saudi Arabia. The results were statistically analyzed and employed to verify the effects of 
foamed asphalt treatment, with and without the addition of Portland cement, on the 
strength characteristics of the treated mixes. Based on the results displayed, a significant 
improvement was noticed in the performance of foamed asphalt mixes, as compared to 
that of the emulsified asphalt mixes. 
Al-Abdul Wahhab et al., (2012) have investigated and evaluated the feasible use 
of foamed asphalt technology for Saudi roads using marginal quality construction 
materials, marl, and reclaimed asphalt pavement (RAP) materials for local applications. 
Foamed asphalt mixes were designed for subbase class B (foamed SB) and reclaimed 
asphalt pavement (foamed RAP) material utilizing low percentage of Portland cement. 
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They optimized the foamed asphalt mixes to meet dry and wet indirect tensile strength 
(ITS) requirements. Designed mixes in addition to granular base class A and B were 
evaluated for CBR, dynamic resilient modulus at 25 
o
C and wheel tracking test dry at 50 
o
C and soaked at 22 
o
C. The results of this study indicated that base class A has the 
lowest rutting followed by base class B then foamed SB and finally foamed RAP for dry 
condition at 50 
o
C, while foamed RAP has the lowest rutting followed by foamed SB then 
base class B and finally class A for soaked condition at 22 
o
C. Portland cement was 
effective in reducing ITS loss of foamed asphalt mixes. Resilient modulus testing 
indicated that SB mix has behavior comparable to base class A. Foamed RAP mix has 
shown the best behavior. Saturation has reduced resilient modulus of all mixes 
significantly. Finally they concluded that foamed asphalt technology can be used 
successfully to construct road bases from locally available marginal or recycled materials. 
He and Wang (2006) investigated decay properties of two foamed bitumens. They 
carried out foaming tests under various conditions to investigate decay properties of two 
types of bitumen: Penetration-grade 60 (PG 60) and Penetration-grade 100 (PG 100). It is 
noticed that water content has a considerable effect on the bitumens decay, and the time 
at which the maximum expansion ratio appears advances with an increase of temperature. 
PG 60 achieves the maximum expansion ratio at an earlier time than PG 100. 
Huan et al., (2010) reported the preliminary study of the foamed bitumen 
properties and the mix procedures conducted at Curtin University which simulated the 
construction of the trial foamed bitumen stabilised project in Western Australia. Based on 
the results, they found that 2.5% of cold water spraying into 180°C virgin Class 170 
bitumen can generate foamed bitumen with a 15 to 20 times expansion rate and 20 s half-
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time suitable for foaming aggregates. Both resilient modulus and permanent deformation 
tests failed to expect an optimum foamed bitumen content when the aggregate was mixed 
with 1% hydrated lime, compacted at 100% optimum moisture content and plastic sealed 
curing for 7 days at room temperature. However, the ratio of crushed granite road base to 
limestone was found to be significant and a mixture consisting of 75% crushed rock base 
and 25% crushed limestone was calculated as the optimum aggregate proportion, as it 
showed the best performance in unconfined compressive strength tests and obtained 
relatively higher values in indirect tensile strength tests. They concluded also that the 
adding more foamed bitumen to in-situ recycled aggregate reduced the performance of 
materials. 
Different types of rolled asphalt are distinguished according to the process used to 
bind the aggregate with the asphalt. Hot mix asphalt (HMA) is produced at 160 degrees 
Celsius. This high temperature serves to decrease viscosity and moisture during the 
manufacturing process, resulting in a very durable material. HMA is most commonly 
used for high-traffic areas, such as busy highways and airports. Warm mix asphalt 
(WMA) reduces the temperature required for manufacture by adding asphalt emulsions, 
waxes, or zeolites. This process benefits both the environment and the workers, as it 
results in less fossil fuel consumption and reduced emission of fumes. In cold mix 
asphalt, the asphalt is emulsified in soapy water before mixing it with the aggregate, 
eliminating the need for high temperatures altogether. Cold mix plants are lower cost, 
simpler and more mobile than hot mix plants. However, the asphalt produced is not 
nearly as durable as HMA or WMA, and cold mix asphalt is typically used for low traffic 
areas or to patch damaged HMA (http://en.wikipedia.org/wiki/Asphalt_concrete). Robert 
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et al. (1984) prepared the foamed asphalt mixtures heated and compacted at 160°C and 
reported that the modulus and density of heated foamed asphalt mixtures were 
significantly higher than those of cold-mixed foamed asphalt mixtures. 
Xiao et al., (2011) have conducted a laboratory investigation of moisture 
susceptibility and rutting resistance of warm-mix asphalt (WMA) mixtures containing 
moist aggregates by using a foaming technology. The experimental program included two 
aggregate moisture contents (0 and 0.5% by weight of the dry mass of the aggregate), two 
lime contents (1% and 2% lime by weight of dry aggregate), one liquid antistripping 
agent (ASA) and non-ASA, three foaming water contents (2, 3, and 4%) with control, and 
two aggregate sources. The results of this study showed that the aggregate source 
drastically affects the ITS and rutting resistance regardless of the foaming water content, 
ASA, and aggregate moisture content. Furthermore, the ITS and rut depth of some 
foamed mixtures containing moist aggregate satisfies the demand of pavement 
performance without additional treatment, although some mixtures need a completely dry 
aggregate or additional treatments. Also, it is noticed that the mixture with various 
hydrated lime contents exhibited similar rutting and moisture resistance under dry and 
wet conditions. Finally, they stated that the liquid ASA used in this study is not 
recommended for use in foaming WMA mixtures with moist aggregates, because it is 
sensitive to moisture. 
2.3 EMULSIFIED ASPHALT 
Asphalt emulsion is a mixture of asphalt binder and water that includes a small 
amount of emulsifying agent to cause the asphalt to become mixed with or suspended in 
the water. Asphalt emulsion may be either anionic with electro-negatively charged 
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asphalt globules or cationic with electro-positively charged asphalt globules, depending 
upon the emulsion agent (Kowalski and Starry, 2007). 
The usage of asphalt emulsions started in the early part of the 20th century. 
Nowadays, 5% to 10% of paving-grade asphalt is used in emulsified form, but the degree 
of emulsion usage varies widely between countries. The United States is the world’s 
largest producer of asphalt emulsion. Asphalt emulsion has some advantages  compared 
to hot asphalt and cut back binders, such as low application temperature, compatibility 
with other water-based binders like rubber latex and cement, and low-solvent content 
(James A., 2006). 
Moore (1982) studied the use of bituminous emulsion to stabilize lime-treated 
clays. The effect of lime content, molding moisture content, modification curing time, 
emulsion type and curing temperature on the unconfined compressive strength of the 
stabilized material was investigated. He reported that the unconfined compressive 
strength increases with the increase of lime content, molding moisture content and curing 
temperature. However, the effect of modification curing time is dependent on the soil 
type and percentage of emulsion used. The effect of emulsion type depends on whether 
rapid-set or slow-set emulsion is used and on the type of treated soil. 
Al-Abdul Wahhab and Asi (1995) investigated using of slow setting emulsified 
asphalt and medium curing cutback asphalt to stabilize marl and sand obtained from the 
Eastern Province of Saudi Arabia. The addition of 2% and 4% lime and Portland cement 
was applied to the stabilized soils to accelerate curing process and to reduce stability loss 
due to water damage. The results of this research indicated that the stabilizing agent have 
16 
 
both enhanced strength and resistance of the analyzed soils to water damage. Cement 
additive was found to be more effective than lime. 
Oruc et al. (2007) studied the addition of Portland cement on emulsified asphalt 
mixtures by changing the percentage of this additive from 0% to 6% as mineral filler. 
Moisture-damage performance was evaluated using the ratio of measuring resilient 
modulus of mixtures, before and after soaking in water. Mixtures without the addition of 
cement failed after six hours of conditioning. However, emulsified asphalt mixtures with 
cement showed better water resistance and an increase in the resilient modulus. 
Al-Khashab and Al-Hayalee (2008) investigated the possibility of the stabilization 
of expansive clayey soil pre-treated by lime, with an emulsified asphalt addition. The soil 
was classified as medium to high expansiveness in naturally. The pre-treatment of soil 
was accomplished with (0.5, 1.0, and 1.5%) lime addition by weight. After short period, 
emulsified asphalt was added with different dosages namely (2, 4, 6 and 8) by weight, for 
optimum percentages of an emulsified asphalt to give the most useful stabilization 
aspects. The result of adding lime alone indicated that there was a significant reduction in 
soil plasticity, 1.5% of lime addition changed the clayey soil towards non-plastic types. 
The emulsified asphalt addition to the mixture, resulted in slight increase in the plasticity 
but, their values in the whole, remained below the value of the natural soil. Results also 
showed decrease in the specific gravity with the emulsified asphalt addition as well as, a 
general reduction, compatible with the increase in the optimum moisture contents. The 
absorption values of the treated soil with the emulsified asphalt showed consequent 
reduction as compared with the original one. A significant reduction in swelling pressure 
and swelling percent were noticed as well as an improvement in some values of the 
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unconfined compressive strength at low percentages of emulsified asphalt addition, 
compatible with reduction in values of the high percent additions. 
Kavussi and Modarres (2010) have reported the effect of cement on the fatigue 
properties of cold recycled mixes with bitumen emulsion (CRME). To build up fatigue 
models for these mixes, extensive indirect tensile fatigue and resilient modulus tests were 
conducted at different temperatures (varying from -10 to 25
o
C) and curing times (varying 
from 7 to 120 days). The results of this study indicated that the effects of cement on 
fatigue life of mixes are related to the initial strain level assumed in testing. Finally based 
on their laboratory testing results, distinct models were established for different boundary 
strain levels. 
Bunga et al., (2011) have investigated the stabilization of sandy loam clay by 
using emulsified asphalt as a stabilizer material. The soil samples were collected from 
Manuju village, Gowa regency, South Sulawesi province, Indonesia. They obtained 
emulsified asphalt type CSS-15 from PT. Widya Sapta Colas. The emulsified asphalt 
concentrations were 1.5%, 3.0%, and 4.5%. The results of the investigation showed the 
physical, chemical, and mechanical characteristics of sandy clay loam are improved due 
to using emulsified asphalt. It was also noticed that chemical bindings occurred among 
the soil minerals and emulsified asphalt. Finally, plasticity and shear strength of soil 
increased in a linear relationship with the increase of emulsified asphalt concentration. 
2.4 SULFUR EXTENDED ASPHALT (SEA) 
“The term sulfur extended asphalt (SEA) applied to a paving binder, paving 
mixture, or pavement, denotes a replacement of a significant portion of the 
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conventionally used asphalt with element sulfur. Typically, 20 to 40 percent by weight of 
the asphalt is replaced with sulfur” (Beatty et al., 1987). The optimum sulfur content in 
sulfur-extended asphalt binders is found somewhere between 20 and 30 wt%. Below the 
former, no hardening effect is obtained. Above the latter the improvement of mix 
workability is reduced (Kennepohl et al., 1975; Celard, 1978). 
Lewandowski (1994) stated that the main reasons to use additives with bituminous 
materials could be summarized as follows:  
 To get softer blends at low service temperatures and decrease cracking,  
 To reach stiffer blends at high temperatures and reduce rutting,  
 To increase the stability and the strength of mixtures,  
 To enhance fatigue resistance of blends,  
 To decrease structural thickness of pavements. 
In the 1970s, concern began growing in the use of SEA. Many laboratory test 
programs were established to study the use of sulfur in asphalt mixtures. In addition, field 
experiments were established to test the long-term performance characteristics of SEA 
pavements. The enormous majority of published literature on the use of SEA occurred 
from 1974 to 1986 (Timm et al., 2009). 
Federal Highway Administration (FHWA), in 1987, conducted a field study to 
compare the performance of SEA to the conventional asphalt pavements (Beatty et al., 
1987). In this study, they noticed that there was no difference in overall performance 
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between SEA pavement and the conventional sections.  In 1990, FHWA conducted a 
complementary laboratory investigation and the results supported that of the field study. 
They had seen that sulfur decrease the resistance to moisture susceptibility in the 
laboratory and there were minor trends that sulfur may reduce the susceptibility to rutting 
and increase the susceptibility to fatigue cracking with some mixtures (Stuart, 1990). 
In general, the expected benefits of the use sulfur extended asphalt may be summarized 
as follows (AI, 2007): 
 Decreased cost for hot- mix asphalt (HMA). 
 Saving and conservatory of asphalt binder resources. 
 Comparable pavement performance. 
 Reduced tendency to rut due to the stiffening effect of sulfur on asphalt. 
 Fuel saving due to lower mix temperatures, a result of the lower equiviscous 
properties of SEA. 
Strickland and coworkers (2008) studied the performance of sulfur-modified 
mixtures in the laboratory. Rutting performance of the prepared mixtures was evaluated 
using the asphalt pavement analyzer (APA) test at 58°C, and the mixture stiffness 
modulus was measured at a temperature ranging from -10 to 30°C. Additionally, the low 
temperature performance was evaluated by using the Thermal Stress Restraining 
Specimen Test (TSRST). Results of this study showed that the rutting resistance and 
stiffness modulus of the mixture are improved. In addition, the modified sulfur additive 
improved the elongation properties of the mix at low temperatures. 
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Timm et al. (2009) have conducted a complete experimental program to investigate the 
moisture resistance and dynamic modulus of sulfur-modified asphalt mixtures. Results 
indicated that sulfur-modified asphalt mixture had a lower tensile-strength ratio (TSR) 
after curing but greater dynamic moduli for all combinations of test temperatures and 
frequencies.  
Cooper et al., (2011) have studied the effects of sulfur-modified warm mix asphalt 
(WMA) on the predicted performance from the Mechanistic-Empirical Pavement Design 
Guide (MEPDG) and assessed the life cycle costs of pavement structures constructed 
with this sustainable alternative. To achieve this objective, three typical pavement 
structures were analyzed at three traffic levels (low, medium, and high). Based on the 
results of the analysis, the use of sulfur-modified WMA improved the predicted rutting 
and fatigue performances and the overall pavement service lives over conventional 
mixtures at all traffic levels. The results also showed that sulfur modification has the 
potential to decrease production and life cycle costs when compared to a conventional 
asphalt mixture made with the same binder grade (Cooper et al. 2011). 
Cooper et al., (2011) also compared the laboratory mechanistic properties of 
sulfur-modified warm-mix asphalt (WMA) with conventional asphalt mixtures. Three 
mixtures, two hot-mix asphalt (HMA) and one WMA were prepared. Mixture One used 
an unmodified asphalt binder classified as PG 64-22, Mixture Two used a styrene-
butadiene-styrene elastomeric modified binder classified as PG 70-22, and Mixture Three 
was a WMA that incorporated a sulfur-based mix additive and a PG 64-22 binder. A suite 
of tests was performed to evaluate the rutting performance, moisture resistance, fatigue 
endurance, fracture resistance, and thermal cracking resistance of the three mixtures. 
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Results of the experimental program showed that the rutting performance of sulfur-
modified WMA was comparable or superior to conventional mixes prepared with 
polymer-modified and unmodified asphalt binders. Results of the modified Lottman test 
showed that the moisture resistance of the sulfur-modified mixture was comparable to 
conventional mixes. Results of the fracture tests showed that sulfur-modified WMA is 
more susceptible to cracking than conventional mixes, given its stiff characteristics. 
However, given these stiff properties, the higher modulus of sulfur-modified mixtures 
will reduce the magnitude of strain induced in the pavement. Thermal stress restrained 
specimen test results showed that the sulfur-modified WMA had greater fracture stress 
than the polymer-modified mixture. 
Baig et al., (2009) investigated the feasibility of using sulfur as an additive for 
local asphalt concrete mixtures at KFUPM. They also studied many cases of using sulfur 
modified asphalt in road construction including the field trial at Khursaniyah and the 
concerns related to air pollution due to sulfur containing gases. Sulfur-asphalt concrete 
consists of testing local sulfur, Shell Canada sulfur-extended asphalt modifier 
(SEAMTM), with local asphalt-concrete mixes was studied to assess the effect of sulfur 
and modified sulfur materials by comparing the performance of these paving mixes. 
Based on laboratory and field trials results, they reported that SEAMTM and sulfur 
modified asphalt concrete can be produced, hauled, placed and compacted easily with 
conventional methods and equipment. There will be no constructability problem with the 
use of sulfur or SEAMTM binder. They also stated that the use of asphalt with SEAMTM 
or sulfur material at 30% replacement could be more economical as compared to regular 
asphalt as the amount of required asphalt will be reduced in proportion to the 
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SEAMTM/sulfur percentages used. The environmental impact of the sulfur-asphalt 
technology was assessed  through the field tests and the results indicated that there is no 
long-term hazard for mixes as showed by acceptable values of emission of hazardous 
gases such as H2S and SO2 (<1 PPM at 76°C). However, precautions must be taken 
during preparation and laying of mixes at 145°C. 
Based on the brief previous literature review on the using of sulfur modifier with 
asphalt in the world and Gulf in particular, there is no any indication of using sulfur with 
foamed or emulsified asphalt. Thus, this study investigated the feasibility of producing 
sulfur foamed/emulsified asphalt and using this production in stabilization of three local 
soils in the Eastern Province of Saudi Arabia, namely, sand, sabkha, and marl. 
2.4.1  Environmental Hazards and Safety Aspects of Using Sulfur-Extended 
Asphalt 
 Gawel (2000) reported that, no problems should come out unless the temperature 
of 140 °C is exceeded during the production of sulfur-extended asphalt mixes (warm 
mixes) and their utilization in pavement construction. Below this temperature the 
formation of hydrogen sulphide and sulfur dioxide is negligible. 
 Al-Abdul Wahhab and Baig (2007) concluded that, there is no short-term or long-term 
environmental hazard for sulfur-asphalt mixes prepared using sulfur-extended asphalt 
modifier (SEAM) as indicated by the low emission of hazardous gases at road surface 
temperature as high as 76 ºC prevailing in Saudi Arabia nor during field construction. 
Baig et al., (2009) reported that there are no major safety concerns with regard to careful 
monitoring of mixing and handling of hot sulfur asphalt mix and sulfur should be used in 
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both wearing course and base course layers with strict quality control to avoid 
undesirable performance due to layers stiffness compatibility. 
Asphalt institute (2007) characterized the challenges to the use of sulfur-extended asphalt 
as data gap, in whole or in part and summarized them as follows: 
 Nuisance odors. 
 Potential for increased emissions of H2S, SO2, acid mists, and 
particulate (elemental) sulfur at high temperatures. 
 Potential worker exposure to increased emission of H2S, SO2, and 
particulate with no information related to severity or nature of 
exposure. 
 Potential fire and explosion hazard (in confined spaces). 
 Recyclability of pavements containing sulfur-extended asphalt, 
which must be processed at lower temperatures to prevent increased 
levels of emissions. 
 Potential for corrosion of structural and/or emissions handling 
materials. 
In this study, the application of sulfur foamed asphalt would be at temperatures equal or 
lower than 150 
o
C, which is considered as a warm asphalt mix, and during a very short 
period. Similarly, sulfur-emulsified asphalt was produced and applied at very low 
temperatures. Based on the previous literature, there is no any problem of hazardous 
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fumes and sulfur asphalt technology can be used successfully with current road 
construction technology and expertise.  
2.5 MODELING OF PERMANENT DEFORMATION 
Permanent deformation in asphalt (flexible) pavements, commonly referred to 
rutting, usually consists of longitudinal depressions in the wheel paths, which are an 
accumulation of small amounts of unrecoverable deformation caused by each load 
application as shown in Figure 2.1 (Asphalt Institute, 1996). 
 
Figure  2-1: Accumulated Plastic Strains in Pavements (Asphalt Institute, 1996) 
 
Existing permanent deformation models are mostly based on cyclic load triaxial testing, 
and are of two main types (Hornych and El Abd, 2004):  
 Empirical laws, describing the variation of permanent strains with the 
number of load cycles and the maximum applied stresses.  
 Incremental models, generally based on the theory of elasto-plasticity.  
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A summary of various empirical relationships describing the variation of permanent 
deformations of unbound granular materials (generally only axial deformations) with the 
number of load cycles N, partly based on a literature review made by Lekarp et al. 
(2000), is presented in Table 2.1. 
Table  2-1: Relationships Describing the Variation of Permanent Axial Deformations ε1
p
 
with the Number of Load Cycles (Hornych and El Abd, 2004 after Lekarp et al. 2000). 
 
Hornych and El Abd (2004) reported that the relationships describing the variation of 
permanent deformations with the number of load cycles presented above cannot be 
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applied to the prediction of permanent deformations in pavement structures, because they 
do not take into account the applied stresses. They also presented the work of other 
researchers who have followed another approach, trying to relate the permanent 
deformation after a given number of cycles to the applied stresses (generally the 
maximum stresses). Relationships of this type are listed in Table 2.2. Some of these 
relationships also try to couple the effects of both stresses and number of load cycles, but 
they are only very few of them (see Table 2.2). 
The NCHRP 1-26 study (Barenberg and Thompson, 1990) recommended the use 
of the permanent strain accumulation model developed at Ohio State University 
(Majidzadeh et al. 1981). This strain model predicts total rutting, considers the rutting 
rate of the pavement as indicated by the following equation: 
 
where 
Єp = permanent strain 
N = number of load application 
A = Experimental constant (depends on material type and stress state) 
m = Experimental constant (depends on material type) 
Equation above is valid for describing the progression of rutting in pavement layers, 
asphalt surface and base courses, granular base and subbase courses, and subgrade soils 
(Majidzadeh, et al 1981). 
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 Several material permanent strain accumulation models have been developed so 
far to predict the permanent deformation in AC pavement layers. Pavement system 
rutting models were also evaluated in the NCHRP 1-26 (Barenberg and Thompson 1990). 
The study have revealed that those models which are related to log of permanent strain to 
the log of load repetition appear to be the most appropriate and versatile for practical use. 
This power model is often fitted to the accumulated permanent deformation curve. It is 
probably the most commonly used permanent deformation equation. The power model 
plots as straight line on log-log scale. It has also been thought that the slope and intercept 
of this model when plotted on log-log scale may be used as indicators of rutting 





It was initially proposed for subgrade and unbound materials by Monismith 
(1976); and initially used for asphalt concrete mixes by (Khedr, 1986). Later on, various 
researchers used the same model for asphaltic concrete (Diylajee and Raymond, 1982), 
(Vuong and Amstrong 1991), (Behzadi and Yandell, 1996). Where a and b are intercept 
and slope coefficients and N is the load repetition. The curve of power model on log-log 




Table  2-2: Relationships Describing the Variation of Permanent Axial Deformations with 





According to VESYS, 1990 progressing of rutting with load repetition can be measured 
using layer elastic and viscoelastic theory, where in all layers can be modeled using a 
constitutive model in the form given in following equation (partial differentiation form). 
 
 
Figure  2-2: Log-Log Form of Power Model (After Khedr, 1986) 
 
The resilient strain (εr) is assumed to be independent of load repetition. The ratio of 




where    
 
p = Permanent Strain (rut value) 
N = Number of Load Application 
a = Intercept Coefficient; and 
b = Slope Coefficient 
µ = ratio of plastic to elastic response 
α = rate of change of the plastic response 
In order to get the cumulated permanent strain in each layer, we have to integrate the 
above equation with respect to N as follows: 
 
The integration yields the following equation: 
 





hi = thickness of the layer. 
In order to predict the rut depth using the model above we have to find model parameters 
experimentally and the resilient strain for all the layers of pavement structure in 
algorithm using suitable finite element method program. 
Alpha and mu according to Sullivan (2002) are the stress and temperature 
dependent non linear parameters and can be used for modelling permanent deformation 
of mixes: 
 
where, T = Temperature, F°; and 
ζD = Deviator stress (equal to ζ1-ζ3,), psi. 
Hu et al. (2011) presented a new Mechanistic-Empirical (M-E) rutting model developed 
for hot-mix asphalt (HMA) overlay thickness design and analysis adapting VESYS 
model with minor modification. Additionally, the proposed M-E HMA overlay rutting 
model was calibrated using 8 test sections of the National Center for Asphalt Technology 
(NCAT) Test Track 2006, and the calibrated model was further validated using two sets 
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of independent rutting data: 3 test sections of the NCAT Test Track 2000 and 4 test 
sections of SPS5 on US175, Texas. Overall, the M-E rutting model proposed in this paper 
offers greater potential for rationally modeling and accurately predicting the HMA 
overlay rutting. 
The current MEPDG incorporates a power model for generating rutting 
predictions for asphalt concrete. Rutting model developed from laboratory uniaxial 
repeated load strain tests as provided in MEPDG in the following form has been used as 
basis to estimate the relationships between the predictor variables and the permanent 
deformation parameters (Stephen et. al 2007): 
 
Where, εp, εr, are the plastic and elastic strains respectively, at N repetitions of load and ai 
are the non linear regression coefficient. 
AASHTO 2002 design guide developed M-E models for predicting permanent 
deformation in asphalt mixtures and unbound materials. The final model of permanent 






εp = accumulated plastic strain at N repetitions of load (in/in) 
εr = resilient strain of the asphalt material as a function of mix properties,  temperature 
and time rate of loading (in/in)  
T = number of load repetitions  
T = temperature (deg F) 
k1 = function of total asphalt layers thickness (hac, in) and depth (depth, in) to 
computational point, to correct for the confining pressure at different depths. 
Furthermore, the final calibrated model for the unbound granular base is as follows: 
 
with the national calibration factor of βGB = 1.673 being determined and the final 




with the national calibration factor of βSG = 1.35 being determined.  
where:  
δa = Permanent deformation for the layer/sublayer (in).  
N = Number of traffic repetitions.  
εo, β, and ρ = Material properties.  
εr = Resilient strain imposed in laboratory test to obtain the above listed material 
properties, εo, β, and ρ (in/in).  
εv = Average vertical resilient strain in the layer/sublayer as obtained from the primary 
response model (in /in)  









Wc = Water content (%).  
Mr = Resilient modulus of the layer/sublayer (psi).  
GWT = Ground water table depth (ft). 
In pavement analysis, analytical solutions (e.g., Burmister’s three-layer system solutions) 
can be obtained often by assuming that the pavement is constructed with homogeneous, 
isotropic, linear elastic materials and is subjected to a monotonic load. These assumptions 
oversimplify the complex nature of pavement structures and materials. With the fast 
development of high-speed computers today, numerical methods, especially FEM, have 
been extensively used in pavement analysis. Compared to analytical solutions, FEM 
pavement analysis provides better simulation of material behaviors, wheel configurations, 
and environmental conditions.  We can conclude that pavement response can be 
determined using the multi-layered elastic program (e.g., BISAR, CHEV, and ELSYM5), 
multi-layered program based on the viscoelastic calculation approach (e.g., VESYS, 
MICH-PAVE), and finite element method (FEM). Among these tools FEM is a powerful 
one since it could account for the sophisticated boundary conditions. Based on the 
previous literature, VESYS model was adopted in modeling and predicting the permanent 
deformation of asphalt mixtures and unbound material in this study.  
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The work in this study consists of fife main phases; the first one comprised of 
materials collection including dune sand, marl, sabkha, asphalt cement, sulfur, and 
emulsifying agents. In the second phase, physical properties and characterization of 
the collected materials were conducted. Marshall mix design were applied to design 
foamed and emulsified asphalt mixes with and without sulfur extender in the third 
phase. In the fourth phase, designed mixes were evaluated using a set of mechanical 
tests. These tests include marshal stability, indirect tensile strength, durability, 
resilient modulus and static triaxial test. Optimum mixes were subjected to dynamic 
triaxial and wheel tracking tests for the modeling and verification of permanent 
deformation. Finally, results analysis and rutting modeling were accomplished in the 
fifth phase. Figure 3.1 shows the flow chart of the sequence of the experimental 
program. 
 The main objective of this chapter is to outline the methods and procedures 
which were followed to conduct the experimental programs. The following 




























 Figure  3-1: Experimental Program Flow Chart.  
 
Material Collection and 
Characterization 
Soil Asphalt 60/70 
Dune Sand Marl Sabkha 
Physical Characteristics: 
 Mineralogical Analysis 
 Plasticity (ASTM D 423, D 424) 
 Specific Gravity (ASTM D 854) 
 Sieve Analysis (ASTM D 422) 
 Compaction (ASTM D 1557) 




 Penetration (ASTM D 5).  
 Softening Point (ASTM D 36) 
 Flash Point. 










Determination of Optimum: Foamed 






 Marshall Mix design 
 Foamed Mixes (Wirtgen, 2004) 
 Emulsified Mixes (AEMA, 2004) 
Mechanical Evaluation of Designed Mixes: 
1. Marshal Stability (ASTM D 1559) 
2. Indirect Tensile Strength (ASTM D 4867) 
3. Durability. 
4. Resilient Modulus (MR) (AASHTO T-307) 
5. Static Triaxial Test (ASTM D 2850) 
6. Micro-Characterization. 
 
Data Analysis and Rutting Modeling 
Reporting 
Evaluation of Permanent Deformation: 
1. Dynamic Triaxial Test. 

































3.2 MATERIALS COLLECTION 
One of the typical problems in the construction of roads along the coastal regions 
of the Arabian Gulf, the red sea, and northern and southern parts of the Kingdom of Saudi 
Arabia is ascribable to the scarcity of good quality soils. Marginal soils cover most areas 
of the eastern province of Saudi Arabia. In order to investigate the possible treatment of 
these marginal soils and use in the construction of road projects, required quantities for 
the experimental program of this research including sand, marl and sabkha were 
collected, subjected to basic characterization and then stored for the use in the 
experiments. Asphalt cement, sulfur, and emulsifying agent, were also collected from the 
eastern province of Saudi Arabia, subjected to basic characterization and then stored for 
the use in the experiments. 
3.2.1 Preparation of Collected Soils 
The soil samples were brought to the laboratory, thereafter, sabkha and sand soils 
were sieved through ASTM Sieve #4 whereas marl soil was sieved through ASTM Sieve 
# ¾ and then air dried. The soil materials were then thoroughly mixed and stored in 
plastic drums till testing. 
3.2.2 Asphalt 
Asphalt cement used in this study was obtained from Saudi-Aramco Ras-
Tannurah refinery. The grade of the utilized asphalt was 60/70, because this grade is the 
best grade that widely used in all road projects in the Kingdom. Several ASTM tests were 
conducted on asphalt cement 60/70 to evaluate its basic physical properties such as, 
viscosity, penetration, softening point, flash point and ductility. 
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3.3 CHARACTERIZATION OF COLLECTED SOIL SAMPLES 
The basic engineering properties of the soils were assessed by conducting 
preliminary characterization tests. These preliminary tests included mineralogical 
analysis, specific gravity, plasticity and grain size distribution tests. In addition, the 
compaction and strength characteristics were investigated by using modified Proctor 
compaction and California bearing ratio tests. 
3.3.1 Mineralogical Analyses 
Knowledge of the mineralogical composition of a material helps in predicting its 
behavior and reaction under different environmental conditions. The mineralogical 
analyses of the soils were performed at the Research Institute (RI), KFUPM. 
The soils samples were initially air dried, sieved using sieve #10 and thoroughly 
mixed well for homogenization. They were then pulverized and sieved using sieve #200. 
Thereafter, the pulverized soil samples were oven dried at 70 
o
C for 72 hours [Conklin, 
2005; Brady and Weil, 2010]. Finally, about 10 grams of each soil sample was utilized 
for the mineralogical analyses. The mineralogical composition of the soils was 
determined by X-ray diffraction method. The x-ray diffractometer used in this 
investigation was RIGAKU ULTIMA IV X-RAY DIFFRACTOMETER. The generator 
settings were 40 kV and 40 mA at an angle   between 6 and 90
o
 (2θ). 
3.3.2 Specific Gravity Test 
Specific gravity is a very important parameter used in determination of soil 
properties such as unit weight, void ratio, volume-weight relationship of soil and soil 
particle size analysis. The test was conducted in accordance with ASTM D 854. The test 
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was conducted on two representative "disturbed" samples from each soil and the average 
value of the two samples was taken as the specific gravity value. 
3.3.3 Atterberg Limit Tests 
All soils (i.e. marl, sabkha, and sand) reflect a sandy nature because it was not 
possible to get the required number of blows for the liquid limit test and cannot be rolled 
to a thread of 1/8 in. (3.18 mm) when conducting the liquid limit and plastic limit tests on 
the material passing ASTM sieve # 40 using distilled water according to ASTM D 423 
and ASTM D 424, respectively. Therefore, the liquid limit was reported as "not defined" 
and the plastic limit as “non-plastic” for all the three soils. 
3.3.4 Grain Size Distribution Test 
It is a fundamental test for any soil classification and investigation. In this test, 
both dry and washed sieving techniques were performed for the three types of soils in 
accordance with ASTM D 422. Washed sieving with distilled water was done for marl 
and sand soils, however,  sabkha soils was washed with sabkha brine  and distilled water. 
In the wet sieving method, a representative soil sample was taken and washed through a 
set of sieves including ASTM No. ¾, 4, 10, 20, 40, 80 and 200 sieves until the water 
passing through each sieve was clear. The soil portion retained on each sieve as well as 
that passing through No. 200 sieve were dried in the oven and then weighed. The 
difference in weights of the (sieves + dry soils) and the (empty sieves) was used to 
determine the percentage passing for each sieve. 
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3.3.5 Modified Proctor Compaction Test 
The relationship between moisture contents and dry density can be established 
using compaction test. Based on the results of this test, the optimum water content at 
which the maximum dry density of the soil is attained can be determined. In this study, 
the modified Proctor compaction test (ASTM D 1557) was used. In this test, the required 
amount of soil was placed in Hobort mixer (0.3 m 
3
 capacity). Mixing was, thereafter, 
started in a dry state for half a minute, the water was then added to the mixture and 
mixing was continued for about another half a minute till the whole mixture was totally 
mixed and the final product was homogeneous. Compaction was made in five layers in 
the CBR mold. The CBR mold has a height of 5 in (127 mm) and a diameter of 6 in (152 
mm) and the number of blows per layer was 25. 
3.3.6 Soaked California Bearing Ratio Test (CBR) 
The suitability of a soil to be used as a subgrade material in pavement structure 
should be evaluated using California bearing ratio (CBR) test which was originally 
evolved in California, USA for this purpose. CBR, thereafter, was adapted by the 
engineering communities as a test to empirically measure the strength of soil under 
controlled moisture and density conditions and can easily be used to quantify the material 
for use in pavement construction. In this study, CBR tests were conducted according to 
ASTM D 1883. All samples prepared for moisture-density relationship was subjected to 
soaked CBR testing procedure and the relationship between soaked CBR values and 
moisture contents was established. Sabkha soil specimens were soaked in sabkha brine. 
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3.4 FOAMED AND EMULSIFIED ASPHALT MIX DESIGN 
3.4.1 Foamed Asphalt Mix Design 
Laboratory scale foamed asphalt plant WLB 10 shown in Figure 3.2 was 
calibrated to produce foamed asphalt and 30/70 sulfur foamed asphalt. First, the flow rate 
of water and asphalt cement or sulfur/asphalt cement for the plant was calibrated, and 





 C). Expansion ratio is defined as the ratio of the 
maximum volume of the asphalt in its foamed state to the volume of the asphalt once the 
foam has completely subsided while half life is defined as the time in seconds required 
for the foam asphalt to settle to one-half of the maximum volume attained after foaming. 
The temperature that gave the highest half life without causing sulfur fumes was adopted 
for the research. The laboratory mix design procedure was carried out based on the cited 
literature (Wirtgen, 2004) as outlined in the Writgen Cold Recycling Manual and 
summarized in Figure 3.3. 2% cement was added to all mixes after adding foamed asphalt 
to prevent affecting the optimum moisture content [Al-Abdul Wahhab et al., 2012]. 
 










3.4.2 Emulsified Asphalt Mix design 
Slow setting cationic sulfur asphalt emulsion was produced by using emulsified 
asphalt plant available in Highway Laboratory at King Fahd University of Petroleum and 
Minerals. The flow rates of water and sulfur asphalt (30/70) were calibrated and several 
trials were carried out to determine the best emulsifying agent and production variables. 
In the emulsification process, heated sulfur asphalt was pumped into the colloid 
mill where it was divided into tiny droplets. At the same time, water contained the 
emulsifying agent was pumped into the colloid mill. The sulfur asphalt entered the 
colloid mill was heated to a low viscosity, and the water temperature was also adjusted to 
optimize emulsification. It is recommended to do not use extremely high asphalt 
temperatures because the temperature of the emulsion leaving the mill must be below the 
boiling point of water, unless a heat exchanger is used to cool the emulsion (AEMA, 
2004). 
Cold emulsion technology is based on a polar (surface charge) of asphalt 
emulsion and aggregate, therefore, they have to be matched. Thus, for soils which have a 
negatively charged surface, a cationic emulsion (positive charge) was used in which the 
positively charged droplets of emulsion asphalt are attracted to the negatively charge 
surface of the soils and begin to break. 
 In cold bituminous emulsion mixtures, many design procedures among research 
organizations and road authorities are based on the Asphalt Institute or AASHTO with 
some modifications.  In general, determination of suitable aggregate gradations, optimum 
water content at compaction, and the determination of optimum residual bitumen content 
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should be covered by any design procedure used. There is no universally accepted asphalt 
emulsion-aggregate mix design method for either dense or open-graded cold mixtures. 
However, the Federal Highway Administration recently attempted to develop and 
standardize two design methods for use with asphalt emulsion cold mixtures. One method 
is for the design of mixes having dense-graded aggregate and the second for mixes 
having open-graded aggregate. In this study, dense-graded aggregate mix design method 
was adopted. The main steps of this method are (AEMA, 2004); 
3.4.2.1 Aggregate and Emulsion Selection 
In dense graded aggregate mix design, the gradation of aggregate used (soils in 
this study) should meet the requirements specified by the method. Furthermore, the types 
of asphalt emulsion used for producing dense-graded emulsion cold mixtures are either 
anionic slow setting (SS) or medium setting (MS). Slow setting (SS) emulsion was used 
in this study due to its suitability for soil stabilization.  
3.4.2.2 Determination of Premixing and Added Water Contents 
Good distribution of the emulsified asphalt over the soils particles depends on the 
sufficient amount of mixing water. The total water content of soil- emulsion mixes was 
kept constant as determined from the Proctor compaction tests. Premixing water contents 
required for marl, sabkha and sand soils were found to be about 4, 3 and 2 %, 
respectively [Al-Abdul Wahhab, 1985; Arabiyat, 1985 and Al-Halhouli, 1986].  The 
amount of water presents in emulsion was considered in the mixes design .Thus, the 
amount of water required to be added to keep the total water   quantity of the mix 
constant as predetermined from compaction test was varied and depended on the used 
emulsion asphalt percentage.  
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3.4.2.3 Determination of Initial Emulsion Content 
Several procedures are available to determine the trial emulsion or residual 
asphalt content of a mix. In a dense graded design mix method, two simple formulas are 
used, one for base mixtures and another one for surface mixtures. The formulas are based 
on the percentage of aggregate passing the 4.75 mm (No. 4) sieve and in most cases will 
give a satisfactory starting point. In this study, preselected ratios of emulsion were used 
(i.e 3, 6, 9, 12 and 15%) as shown in the experimental design presented in Table 
3.1.Thus, no need to determine the initial emulsion content. 
3.4.2.4 Preparation of Test Specimens 
A set of test specimens of height 63.5 ± 6 mm and diameter 101.6 mm were 
prepared over a range of residual asphalt content. Test mixtures were prepared in 
increments of residual asphalt contents; using the previously determined premix water 
and optimum water content required for mixing and compaction. Prepared mixtures were 
compacted in Marshal mold with 75 blows for each side. After that, the molds containing 
the compacted specimen were placed on a perforated shelf in a 60 °C (140 °F) forced 
draft oven for 48 hours. In order to simulate the traffic action on the specimens, the 
design procedure stated that samples after curing should be removed from the oven and 
while still at 60 °C (140 °F), a static load of 178 kN (40,000 lbs.) should be applied on 
the specimen by the double plunger method where a free-fitting plunger is positioned at 
both the bottom and top of the specimen in the mold. Apply the load at a rate to give 
about 1.3 mm/min. (0.05 in./min.) of compression and maintain the full load for one 
minute and then release. Finally, let the compacted specimen to cool in the mold for a 
minimum of one hour prior to extracting the specimen for testing. Details of specimen 
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preparation and compaction are found in the basic asphalt emulsion manual (AEMA, 
2004). Specimens were soaked under 50 mm Hg vacuum in water for one hour and 
without vacuum for another hour and then tested for soaked stability. Based on the 
results, a relationship between soaked stability and residual asphalt content is plotted and 
the optimum residual asphalt content which provides the maximum soaked stability is 
determined.  
3.5 EVALUATION OF DESIGNED MIXES 
Designed mixes of sulfur modified foamed/emulsified asphalt were evaluated 
using a set of mechanical tests shown in Table 3.1. Similarly, regular mixes of foamed 
and emulsified asphalt were subjected to the same tests for comparison purposes. 
Following is a brief description of these tests; 
3.5.1 Marshall Stability 
Marshal stability test is used to determine the stability (maximum load of failure) 
in N or kN and flow (deformation in mm at peak strength) for the designed mixes. The 
procedure followed in conducting this test was in a accordance with ASTM D 1559 and 
the samples were tested at room temperature instead of 60
o
 C as is common for the hot 
mixtures [MPW-RI, 1990 and Thanaya, 2003]. Marshall samples of size about 101mm 
diameter by approximately 63.5mm height were formed, using 75 blows of a standard 
Marshall hammer per face. These samples were then cured (72 h in the mold at 40 
o
C for 
foamed asphalt mixes and 48 h at 60 
o
C for emulsified asphalt mixes). For soaked 
stability, specimens were soaked in water at 25
o
C under a vacuum pressure of 50-mm 
mercury for one hour. The vacuum is slowly released and the specimen is left to soak in 
water for another one hour. The specimen is then removed from the water, towel dried 
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and weighed in air. The cured samples were then subjected to soaked and unsoaked 
Marshall stability. Specimens are loaded along a diameter at a constant rate of 
compression of 51mm/minute. Figure 3.4 below shows the Marshal apparatus used. 





Figure  3-4: Marshal Stability Apparatus. 
 
3.5.2 Indirect Tensile Strength Test 
Split tensile strength (ITS) test was conducted in accordance with ASTM D 4867 
to test treated Marshall specimens under both dry and soaked conditions. The split tensile 
strength is determined by measuring the ultimate load to failure of a specimen that is 
subjected to a constant deformation rate of 50.8 mm/minute on its diametrical axis. 
Tensile strength can be related to HMA crack resistance, especially at low temperatures. 
The test is normally conducted at room temperature using a Marshall loading frame fitted 
with 12.5 mm wide concave surface loading strips below and above the Marshall sized 
bituminous sample, as shown in Figure 3.5. The horizontal tensile stress at the center of 
the test specimen is calculated using Equation (3.2). 
50 
 
                               
  
   
                       (3.2)  
where, 
d = specimen diameter 
P = applied load 
t = thickness of the specimen  
Tensile strength and tensile strain at failure are very useful prosperities for 
bituminous mixtures characterization, in which tensile strength is used in evaluating 
mixtures for water susceptibility and the tensile strain is useful for predicting cracking 
potential. These two properties are provided by indirect tensile strength test [Thanaya, 
2003]. 
3.5.3 Durability Test 
Durability of asphalt pavement structure materials is defined as the ability of these 
materials to resist the effect of environmental conditions such as aging, temperature and 
water variation without any considerable deterioration during the design life period for a 
given amount of traffic loading [Scholtz and Brown, 1996]. Damage of bituminous 
mixtures due to water (moisture damage) is the major factor affecting the durability. 
There are two mechanisms by which water can damage the structural integrity of the 
bitumen aggregate interface, firstly loss of cohesion (strength) and stiffness of the 
bitumen are lost by water and secondly, the adhesive bond between the bitumen and the 
aggregate in the mixture (stripping) is disintegrated by water attacks. These two water 
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Figure  3-5: Indirect Tensile Strength Test Setup. 
 
Water damage for a certain asphaltic mixture can be tested after following a specified 
moisture conditioning procedure and is expressed in terms of retained mechanical 
property such as the ratio of strength of the mix after and before the conditioning 
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procedure. Marshal stability test or indirect tensile strength test is commonly used to get 
the retained strength of the tested mixes. Many moisture conditioning procedures for 
asphaltic mixtures are reported in the literature, however, here we have selected which is 
suitable for warm and cold asphalt mixes such as capillary soaking and vacuum 
saturation. In this study, vacuum saturation was adopted as a moisture conditioning 
procedure. 
3.5.3.1 Vacuum Saturation 
In this method, tested specimen is placed in a plastic drum and completely 
covered with water and then put in the vacuum apparatus as shown in Figure 3.6. The 
dessicator is evacuated at 50 mm of Hg and held under vacuum for one hour. The 
vacuum is slowly released and the specimen is allowed to soak in water for another one 
hour. The specimen is then removed from the water, towel dried, weighed in air and then 
tested for its strength (ITS for foam mixes and Marshall stability for emulsion mixes) 
[Asphalt Institute, 1989]. 
3.5.4 Resilient Modulus Test (MR) 
Stress-strain relationship, as characterized by elastic or resilient modulus, is an 
important characteristic. The stiffness moduli for treated mixtures were found by 
conducting resilient modulus test. 
Resilient modulus is simply the ratio of the dynamic deviatoric stress to the 
recovered strain under a standard haversine pulse loading. Resilient modulus is 
considered as an important design input parameter and it is required to determine 




(a) Samples Covered with Water 
 
(b) Samples in the Vacuum Saturation Apparatus 




Different test methods and equipments have been developed and employed to measure 
MR. Some of the tests employed are triaxial tests (repeated cyclic loads), cyclic flexural 
test and dynamic diametral tests. Resilient modulus measured in the indirect tensile mode 
(ASTM D 4123) has been used by many engineers as a method to determine the resilient 
modulus of asphalt mixes, however, it is not suitable to quantify the effects of confining 
pressure which is a main influencing factor on the MR. Therefore, the dynamic triaxial 
test approach was adopted in this study. 
 Dynamic resilient modulus for treated mixes was measured using the dynamic 
triaxial test and following the procedure standardized in 1999 as AASHTO T-307. The 
test is conducted by applying axial haversine pulse compressive loading to cylindrical 
specimen (4-inch diameter by 8-inch height) as shown in Figure 3.7. The specimens were 
prepared at optimum water and asphalt contents for each asphalt type and compacted to 
the same density as Marshall specimens. Table 3.2 presents the loading sequences 
required for tested samples. To minimize the effects of initially imperfect contact 
between the sample cap and loading ram, in addition to the base plate and the specimen, 
conditioning loading was introduced by applying 1000 loading cycles at confining 
pressure of 15 psi and maximum deviator stress of 20 psi [AASHTO T-307, 1999]. 
3.5.5 Static Triaxial Shear Strength Test 
To construct the Mohr-Coulomb failure envelope and to measure the angle of 
internal friction and cohesion of the treated mixes, static triaxial shear strength  test 
(ASTM D 2850) was conducted on specimens (2 in. diameter and 4 in. height) compacted 
at their optimum residual asphalt and optimum water content. 
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Table  3-2: Loading Sequence for Resilient Modulus Test [AASHTO T-307] 
Phase Combination 
Confining 
















































Figure  3-7: Sample Setup for Dynamic Resilient Modulus Test. 
 
Trial and error was applied to get the number of layers and blows required for the 
compacted mixes in this small size molds to achieve the same maximum Marshall density 
corresponding to their optimum residual asphalt and water contents. Figure 3.8 clarify the 
static triaxial test configuration and setup. To construct the Mohr-Coulomb failure 
envelope of treated mixes, three levels of confinement were required, in which, specimen 
was subjected to a static confining stress and a deviator stress that gradually increased 
until it fails due to shear. The shear strength parameters (c and ) of mixes were 
determined from the Mohr-Coulomb failure envelope model: 
 




 = shear strength  
 = normal stress 
c = cohesion 
= angle of internal friction 
 
3.5.6 Dynamic Creep Test (Triaxial) 
Using dynamic triaxial test, many parameters of designed mixes can be calculated 
such as resilient modulus, poison’s ratio and permanent deformation. Permanent 
deformation response for regular and sulfur modified foamed and emulsified asphalt 
mixes were characterized using dynamic triaxial repeated load test on (4-inch diameter by 
8-inch height) sample size. Specimens were compacted using a kneading compactor in 
three layers. Several trials of compaction were done to find the number of tamps and 
compaction pressures required producing uniform specimens at their maximum dry 
Marshall density. Samples were subjected to a curing regime in which they were put in an 
oven at 40 
o
C for 72 hr for foamed mixes and at 60 
o
C for 48 hr for emulsified mixes. 
Moreover, samples were allowed to cool down in a dissicator for 24 hrs.  After that they 
were covered by a rubber membrane and placed on the base plate of the triaxial cell and 
then secured at the bottom and top using rubber O-rings as shown in Figure 3.9. 
To avoid friction and the associated restraining effect at samples ends, two soft 
filter fabric papers were positioned between the samples ends and the bottom and top 
loading plates. The specimens were tested under 10 psi confining pressure and a range of 
deviator stress  276 to 552 kPa (40-80 psi) to simulate the traffic loading that the granular 





Figure  3-8: Static Triaxial Test Setup. 
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The deviatoric stress was applied in the form of a sinusoidal (haversine) wave pulse with 
loading time of 0.1 second followed by reset period of 0.9 second. Linear Variable 
Differential Transducers (LVDT) were used to measure the axial deformation (creep). 
Figure 3.10 below shows the dynamic triaxial load test setup. 
Repeated load tests were applied for treated mixes samples at two different 




 C) and with three levels of deviator 
stress  275, 345 and 414 kPa (40, 50 and 60 psi) for low stiffness mixes  and 414, 483 and  
552 kPa (60, 70 and 80 psi) for high stiffness mixes. Thermally controlled triaxial cell 
was used and cell temperature was set at 40 
o
C. Specimens were conditioned at 40 
o
C at 
least 6 hours before conducting the test.  
3.5.7 Accelerated Loaded Wheel Test 
In recent years, the increase of wheel loads and tire pressures has led to the 
increase in pavement stresses which in turn decreases the useful life of the pavements. 
Rutting occurs as longitudinal depressions in wheel path due to the repeated application 
of high stress on the pavement structure or by inadequate shear strength of pavement 
materials. Permanent deformation might be caused by inadequate structure or weakened 
subgrade. The low shear strength of the pavement materials such as hot mix asphalt 
results in a permanent deformation due to the accumulation of unrecoverable strain 
resulting from applied wheel loads. This results in a combination of consolidation and/or 
lateral movement of the hot mix asphalt under traffic. Shear failure (or lateral movement) 
in a hot mix asphalt pavement generally occurs in the top 10 cm of the pavement. Thus, 





Figure  3-9: Dynamic Triaxial Sample Setup. 
 
Figure  3-10: Dynamic Triaxial Repeated Load Test Setup 
 
In this study, Wessex engineering wheel tracker shown in Figure 3.11 (a) and (b) was 
used to identify and simulate the permanent deformation behavior of the tested materials. 
In this simulator, a loaded wheel is run over a slab sample. Two slabs for each mix were 
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compacted at the optimum residual asphalt and water contents to the same maximum dry 
density of the dynamic triaxial samples. Twenty four slabs, 45 cm x 22 cm x 10 cm thick, 
were prepared from the three treated soils (marl, sabkha, and sand) at the optimum 
contents of foamed asphalt (FA), sulfur foamed asphalt (SFA), emulsified asphalt (EA), 
and sulfur emulsified asphalt (SEA) and were compacted to the optimum density using 
dynamic compaction . The slabs were then cured at 40 
o
C for 72 h for foamed mixes and 
at 60 
o
C for 48 h for emulsified mixes and tested in a dry condition under a wheel load of 
552 kPa (80 psi) at a laboratory temperature of 22 
o
C. Figure 3.12 shows some of the 
cured slabs before testing. The slabs of sabkha soil mixes were sealed after curing by 
using plastic sheets to prevent the ambient humidity effect on the slabs before testing. 
The device applies a vertical force through contact surface of c. It has a dual wheel 
assembly that accommodates testing of two specimens simultaneously. The self-weight 
of each wheel is 18 kg. The required contact pressure is provided by a static weight of 
steel plates (4.5 kg each). In other word, we need to put 8 steel plates (4.5 kg each) on 
each wheel so that the weight of these plates in addition to the self weight of the wheel 
divided by the contact area (1000 mm
2
) gave the required load for testing (552 kPa). 
Samples were placed inside stainless steel sample molds and mounted on a stainless steel 
bracket. Slabs are loaded with 50 mm wide steel wheels with a 12.5 mm thick rubber 
contact surface that translates a horizontal distance of 230 mm. The rate of loading 
corresponds to 54 wheel passes per minute. The deformation of the tested slabs with the 
number of load repetitions was recorded by permanent deformation recording unit shown 
in Figure 3.11(b). The test was ended when the deformation of the specimen reached 20 













Figure  3-12: Some of Cured Slabs before Testing. 
 
3.5.8 Micro-Characterization Study 
For the micro-characterization studies, scanning electron microscopy (SEM) was 
utilized to study the morphology of some investigated soils mixtures. A JEOL 500LV 
scanning electron microscope utilizing the secondary electron mode was used.  
Specimens of about 10 mm in diameter and 5 mm in height were carefully cut from the 
tested specimens using a sharp knife and submitted to the Research Institute at KFUPM 
for testing. The specimens were coated using gold (Au), to eliminate the conductivity of 
the specimen, before testing. SEM with energy dispersive X-ray analysis was conducted 










4 CHAPTER 4 
RESULTS AND DISCUSSION 
In this chapter, the experimental program results are presented and discussed to explain 
the behavior of the evaluated mixes and the reasoning of such behavior. The results are 
presented in three sections. In the first section, general characterization of the materials 
used in this study is presented. The foamed asphalt mixes evaluation results are explained 
in the second section while the emulsified asphalt mixes evaluation results are discussed 
in the third section. 
4.1 Characterization of Soils 
In this section, characterization tests of the marl, sabkha, and sand soils included 
mineralogical analyses, specific gravity of solid grains, grain size distribution, Atterberg 
limits, compaction, and California bearing ratio tests were conducted according to the 
relevant of ASTM and AASHTO standards and the results are presented in the following 
sections. 
4.1.1 Mineralogical Analyses of Soils 
X-ray diffraction (XRD) technique was used to perform the mineralogical 
composition of the marl, sabkha, and sand soils used in this study. XRD analyses for 
these soils are shown in Figures 4.1 through 4.3. 
Figure 4.1 shows the x-ray diffractogram for marl and the peaks reveal the presence of 
about 60% dolomite [CaMg(CO3)2], 30% quartz (SiO2) and 6% calcite (CaCO3) in 
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addition to traces of other minerals. The relatively high percentage of calcite and quartz is 
responsible for the non-plastic and fine–grained nature of this type of marl [Al-Amoudi et 
al., 2010]. 
 
Figure  4-1: X-Ray Diffractogram for Marl Soil. 
 
The x-ray diffractogram for sabkha soil is shown in Figure 4.2. Peaks for quartz (75%), 
gypsum (12%) and halite (10%) were noted in addition to traces of other minerals. The 
high percentage of quartz is responsible for the non-plastic and fine–grained nature of 
this type of sabkha [Al-Amoudi et al., 2010]. 
Figure 4.3 presents the x-ray diffractogram for sand. The peaks for quartz were noted in 





Figure  4-2: X-Ray Diffractogram for Sabkha Soil. 
 
Figure  4-3: X-Ray Diffractogram for Sand Soil. 
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4.1.2 Specific Gravity 
Two samples from each soil were subjected to the specific gravity test and the 
average value was taken. The specific gravity values of the marl, sabkha, and sand soils 
were 2.69, 2.71 and 2.63, respectively. The values of the specific gravity of all soils fall 
within the range of eastern Saudi soils as reported by many researchers [Ahmed, 1995; 
Amin, 2004; Al-Amoudi, 1994; Al-Guniayan 1998]. 
4.1.3 Atterberg Limits 
Liquid and plastic limit tests were done on marl and sabkha samples in 
accordance with ASTM D 423 and ASTM D 424, respectively, and it was difficult to find 
the required moisture contents for the 25 blows. Thus, the two soils were reported as “not 
defined”. In addition, the two soil samples also could not be rolled to a thread of 1/8-in 
(3.18 mm). Therefore, the investigated soils were classified as "non-plastic". 
4.1.4 Grain Size Distribution and Classification of Soils 
The dry and wet grain size distribution curves for marl, sabkha and sand soils are 
shown in Figures 4.4 to 4.6, respectively. Wet sieving of sabkha was done with sabkha 
brine rather than distilled water in order to simulate the field conditions. It can be seen 
from Figure 4-4 that the marl soil passing sieve ASTM #200 is 22 and 28%, respectively, 
when dry and wet sieving methods were used. The soil can be classified as SM or SC if 
the material passing #200 is more than 12%. However, since the investigated soil was 
non-plastic, the soil is classified as SM and A-3 according to the USCS and AASHTO 
soil systems, respectively, based on both dry and wet sieving methods. 
68 
 
Based on the grain size distribution curves of sabkha soil shown in Figure 4.5 the soil 
passing Sieve #200 was 8.14% and 15.8% for dry and wet sieving with sabkha brine 
methods, respectively. Since the material passing sieve #200 is less than 50%, the soil 
can be classified as SM or SC according to USCS system. However, the collected sabkha 
is non-plastic, therefore, it can be classified as SM according to the USCS system and as 
A-3 according to the AASHTO system for dry sieving. 
The material passing sieve # 200 by wet sieving is 15.8%, (greater than 12%). 
Therefore, the wet sabkha can be classified as SM or SC. But the collected sabkha is non-
plastic, hence, the wet sabkha is classified SM according to the USCS system and A-3 
according to the AASHTO system. 
According to the grain size distribution curves of sand (Figure 4.6), it can be 
noticed that the material passing #200 for the dry and wet materials was less than 5%, it 
could be classified as SW or SP, according to the USCS. The coefficients of uniformity 
(Cu) determined by dry and wet sieving methods is almost the same, 3.1. Therefore, sand 
soil is classified as SP. Moreover; since the sand is non-plastic in nature, it can be 
classified as A-3 according to the AASHTO system. 
It is clear from dry and wet sieve analysis curves for marl and sabkha soils that 
the wet sieving curve is always above dry curve and this is ascribed to the fact that water 
tends to dissolve the salts between particles of the soil, thus, the proportion of wet 
materials passing a particular sieve is consistently more than that for dry sieving. This 
difference would be higher if sabkha was sieved with distilled water instead of sabkha 




Figure  4-4: Grain Size Distribution of Marl Soil. 
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Figure  4-6: Grain Size Distribution of Sand Soil. 
 
size distributions calculated by both the dry and wet sieving methods. This is ascribed to 
the fact that sand is made up of quartz which is not affected much by washing. 
4.1.5 Compaction Test  
The relationships between moisture content and dry density for marl and sabkha, 
soils are shown in Figure 4.7. Compaction was conducted on plain soils using the 
modified Proctor compaction test in accordance with ASTM D 1557. It is clear from the 
figure that the maximum dry density of the marl soil was 1.86 g/cm
3
 at an optimum 
moisture content of 13% whereas for the sabkha soil it was 1.75 g/cm
3
 at 12% optimum 
moisture content. The water used in compaction test of sabkha soil was sabkha brine to 
simulate the field conditions of this soil. Regarding the sand soil, it was difficult to 
conduct the compaction test and get the moisture-density relationship curve so relative 
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density experiment was done to get the minimum and maximum density and they were 
1.63 g/cm
3




Figure  4-7: Moisture-Dry Density Relationship for Marl and Sabkha Soils. 
 
4.1.6 California Bearing Ratio (CBR) 
The evaluation of soils to be used as a subgrade material in pavement structures is 
done by conducting CBR test. Figure 4.8 shows the relationships between water content 
and CBR value for marl and sabkha soils. It is seen that the maximum CBR value for the 
marl soil was 24.7% at a moisture content of 12% whereas it was 25% for sabkha soil at 
water content of 10%. The results indicated that the moisture content for maximum CBR 
is less than the optimum moisture content obtained from the dry unit weight-moisture 
content relationship. This is in agreement with the findings that have been reported in the 



























sabkha soil is almost equal that for the marl soil and this is attributed to the submerging 
of sabkha soil samples in saline water rather than distilled water which reduced the 
dissolved salts that is responsible of particles bonding in sabkha soil. The reported CBR 
value in the literature for weak sabkha is around 10%. 
 
Figure  4-8: Moisture-CBR Relationship for Marl and Sabkha Soils. 
 
The CBR test of the sand soil was done on samples compacted to at least 95% of the 
maximum density achieved in relative density test and the value of CBR was found to be 
15%. 
4.2 Asphalt Properties 
Several ASTM tests were performed on asphalt cement 60/70 to evaluate its basic 
physical properties. The results of these tests are listed in Table 4.1, along with ASTM 
specifications. The results indicated that the utilized asphalt has a penetration value of 
67.6 dmm, a softening point of 52.3 
o
C and a flash point of 340 
o




















range specified by ASTM. In addition, results show that asphalt has a rational viscosity of 
571.75 centi-poise at 135 
o
C and a ductility of 150+ at 25 
o
C. 
Table  4-1: Properties of Asphalt Cement. 
Physical  Properties  Utilized Asphalt ASTM 
Penetration at 25 
o
C (dmm) (ASTM D 5) 67.6 60-70 
Rotational viscosity at 135 
o
C (centi-poise) 571.75 -  
Softening point (
o
C) (ASTM D 36) 52.3 49-54 
Flash point, Cleveland Open Cup (
o
C) 340 223 min. 
Ductility at 25 
o
C (cm) (ASTM D 113)  150+ -  
 
4.3  Foamed and Sulfur Modified Foamed Asphalt Mixes Evaluation 
Results 
4.3.1 Design of Foaming Characteristics  
Laboratory mix designs and foamed asphalt producing were carried out using 
Laboratory scale WLB 10 foamed asphalt plant built by Wirtgen Gmbh Company which 
produces foamed asphalt that closely simulates full-scale production, as described in 
Chapter 3. The unit essentially consists of a kettle to heat the asphalt and calibrated 
systems for asphalt, water, and air. It enables predetermined volumes of asphalt, water, 
and air to be injected into the expansion chamber where the asphalt cement is formed and 
is then discharged through a nozzle. The expansion ratio and half-life of the foam can be 
manipulated by altering the proportion of water that is added to the asphalt and the 
optimum addition of water is determined [Writgen, 2004]. Once the design of the foam 
has been completed, the required volume of foamed asphalt is discharged directly into a 
sample of aggregate while it is being agitated in a laboratory mixer. Normally five 
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samples are produced in this way, with varying asphalt contents. In order to bring a 
material to its optimum moisture content for compaction, water prior to mixing was 
determined and added as follows [Writgen, 2004]: 
Wadded = 1 + (0.5WOMC - Wair – dry)                                         (4-1) 
Where, 
 Wadded is the pre-mixing water to be added to the sample; 
 WOMC is the optimum moisture content and  
Wair-dry is the moisture content in air dried sample.  
2% of cement was added to all mixes after adding foamed asphalt to prevent affecting the 
optimum moisture content. The addition of 2% of cement has been found more 
economical and significantly improved the soaked ITS [Al-Abdul Wahhab et al., 2012]. 
The flow rate of the asphalt at different temperatures and water ratios at a specific 
pressure were determined after calibration of the Laboratory foaming machine WLB 10 
which was used to produce the foamed asphalt. In this study, the asphalt flow rate was 
determined at different temperatures in a range of 160 
o
C to 180 
o
C. It is noticed that as 
the temperature increased, the asphalt flow rate increased. Furthermore, the amount of 
foaming water was varied at each temperature. For each water content, the expansion 
ratio and half-life were measured and found to increase with the increase in temperature. 
Based on comparison of the foaming characteristic at the three temperatures, it was clear 
that the normal asphalt (0% sulfur) produced the best foaming characteristics at 180 
o
C. 
Figure 4.9 shows the variation of the expansion ratio and half-life at this temperature. 
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C for modified sulfur asphalt (30/70) to get the best foaming characteristics which 
were attained at 150 
o
C. The selection of lower temperatures (140 and 150 
o
C) was to 
avoid producing sulfur fumes and sulfur hydroxide (H2S) which are harmful gases. 
Figure 4.10 shows the variation of the expansion ratio and half-life at temperature of 150 
o
C for the modified sulfur asphalt. The optimum water content was selected to provide 
the minimum expansion ratio of eight times and minimum half-life of 6 sec. as explained 
in Figures 4.9 and 4.10 [Wirtgen, 2004]. The optimum water content was found to be 
3.85 and 3.4% at 180 
o
C and 150 
o
C for the asphalt and the sulfur modified asphalt, 
respectively. The water flow rates were set at 24 l/h and 19 l/h for asphalt and sulfur 
modified asphalt, respectively. 
 





Figure  4-10: Determination of Optimum Foaming Water Content of Sulfur Modified 




4.3.2 Mixes Design and Evaluation  
Three different soils, namely, marl, sabkha, and sand having gradation curves as 
shown in Figures 4.4 through 4.6 were treated with foamed and sulfur foamed asphalt to 
be used as a base in flexible pavements structure. After optimizing the foaming 
characteristics for the required water content and flow rate at which the maximum 
expansion ratio and half-life were attained, the selected soils were mixed with different 
foamed asphalt and sulfur foamed asphalt percentages (i.e. 3, 6, 9, 12, and 15%) to find 
the optimum foamed asphalt and sulfur asphalt contents. Foamed asphalt mixes were 
used as a reference in comparison results. Portland cement was added at a ratio of 2% to 
all mixes. The soils-foamed asphalt and sulfur asphalt mixes were compacted by using 75 
blows of Marshall hammer into standard four-inch samples. The compacted specimens, 
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after curing for 72 hrs in an oven at 40 
o
C, were tested using indirect tensile strength test 
(ITS) at 25 
o
C for dry samples and after soaking for 2 hrs at 25 
o
C for wet samples to 
determine mix durability. Soaking was done in water at 25 
o
C under a vacuum pressure of 
50-mm mercury for one hour. The vacuum is then slowly released and the specimen is 
left to soak in water for another one hour before testing. 
4.3.2.1 Indirect Tensile Strength (ITS) Results 
Figures 4.11 through 4.13 show the results of ITS of dry and soaked specimens 
for the  marl, sabkha and sand soils mixed with foamed asphalt and sulfur foamed asphalt 
at the prescribed foam ratios. Optimum binder content should be selected at the 
maximum soaked ITS. From figures, it can be seen that the optimum foamed asphalt 
contents for the marl, sabkha, and sand soils were 9, 8, and 7%, respectively. However, 
the optimum contents for sulfur foamed asphalt were 9, 7, and 8% for the same soils, 
respectively. 
Based on the ITS test results, it is concluded that marl soil exhibits higher values 
of ITS than sabkha and sand soils. Furthermore, the retained strength of the marl is higher 
than sabkha and sand soil either for foamed asphalt (FA) or sulfur foamed asphalt (SFA) 
mixes as shown in Figure 4.14. It can also be noticed that, although the indirect tensile 
strength values are reduced for the sulfur foamed asphalt (SFA) mixes, especially for 
sabkha, the strength loss for all soils mixed with SFA is less than that of the normal 
foamed asphalt mixes (FA). This leads to conclude that the addition of sulfur makes the 
mixes more stiff and resistant to the water effect. The index of retained strength for the 




Figure  4-11: Dry and Soaked ITS for Marl Soil. 
 














































Figure  4-13: Dry and Soaked ITS for Sand Soil. 
 
Recommendations from experts in the Australian Road Research Board (ARRB) are that 
the dry indirect tensile strength should be at least 200 kPa and the soaked tensile strength 
be at least 100 kPa for base course layer in the pavement structure [SABITA, 1998]. The 
design binder content should be selected at the maximum soaked ITS. For use as a base 
course layer in the pavement structure, where the water table is close to the surface, it is 
believed that an ITS of more than 200 kPa together with more than 80% retained strength 
of ITS will perform adequately [SABITA, 1998]. The results of ITS show that marl and 
sabkha mixes passed the requirements at the dry and soaked conditions as shown 
previously in Figures 4.11 and 4.12. However, sand mixes failed to pass these 




























Figure  4-14: Index of Retained Strength Variation Versus FA and SFA Contents. 
 
4.3.2.2 Marshall Stability Test Results 
Dry and soaked Marshall stability tests were conducted as per the standard test 
procedure ASTM D 1559 on the three soils (marl, sabkha, and sand) mixed at the 
optimum percentages of FA and SFA. The results are tabulated in Table 4.2. 












Marl FA 9 30 22.1 26.4 
SFA 9 34.2 27 21 
Sabkha FA 8 21.41 12.77 40 
SFA 7 21 13.8 34 
Sand FA 7 7.52 4.1 45.5 






































It has been found that a stability value of 2224 N (500 Ibs) or greater is considered 
satisfactory for most pavements with low to medium traffic volume [AEMA, 2004               
]. It is seen from the Table 4.1 that all soils mixes have stability (dry or soaked) greater 
this value and they passed the Asphalt Institute requirement. Furthermore, the stability 
loss of the soils-SFA mixes is lower than that of soils-FA mixes which is consistent with 
retained strength trend and clearly shows that addition of sulfur enhances the durability of 
mixes against water damage.  
4.3.2.3 Static Triaxial Test (Shear Strength) Results 
The triaxial shear strength test was performed in accordance with ASTM D 2850 
on the three soils mixes (marl, sabkha, and sand) prepared at the optimum water, FA and 
SFA contents. 2 % cement was added to the mixes. The specimens have a size of 2 in. 
diameter and 4 in. height, were compacted to the optimum density using dynamic 
compactor. The number of blows and layers were determined to get the same density of 
Marshall specimens. Thereafter, samples were cured for 72 hrs at 40°C and then tested 
for the static triaxial test. The test was conducted at three different confining pressures up 
to failure. The test results were used to construct the Mohr-Coulomb failure envelope as 
presented in Figure 4.15. The angle of internal friction and cohesion were calculated and 
are summarized in Table 4.3. 
It is clear from the results shown in Figure 4.15 and Table 4.3 that the highest 
shear strength is achieved by marl soil followed by sabkha soil and finally by sand soil. 
In addition to that, the soils-SFA mixes have a higher shear strength compared to the 
soils-FA mixes.   
82 
 
Table  4-3: Cohesion and Angle of Internal Friction for Soils-FA-SFA Mixes. 
Soil Type Binder Type C (kPa) (degree) 
Marl FA 121.9 22 
SFA 286.4 32 
Sabkha FA 104.4 27 
SFA 184.2 27 
Sand FA 18.8 27 
SFA 65.8 27 
 
 
The strength parameter cohesion (C) increases sharply (more than 100 %) when soils are 
treated with sulfur foamed asphalt rather than normal foamed asphalt. However, the 
internal friction angle (ф) remains the same except for the marl soil. This means a 
structure with better bond is developed. For marl, larger interlocking grains are produced 
resulting in higher internal friction angle. The fine fraction plays a fundamental role in 
generating the cohesive properties and the more effective these materials the higher the 
particles contacts are and this justifies the high values of cohesion in marl and sabkha 
soils. Thus, it is expected that the sulfur foamed mixes will show superior rutting 
resistance than the standard mixes. 
The general regression model with a high correlation (R
2 
= 99.5%) for the shear 
strength was developed using Minitab version (16) software and reported as follows: 
η = 317 - 23.4 x1 – 7.4 x2 + 12.5 x3 + 0.509 n + 1.13 C – 12.4 ф      (R
2
 = 99.5%)      (4-2) 
Where, 
η = shear strength in kPa; 
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x1 = 1 (marl) or x1 = 0 (otherwise); 
x2 = 1 (sabkha) or x2 = 0 (otherwise); 
x3 = 1(FA) or x3 = 0 (otherwise); 
n = normal stress in kpa; 
C = cohesion in kPa, and 
ф = Angle of internal friction in degree. 
 





























4.3.2.4 Dynamic Resilient Modulus 
Dynamic triaxial test was conducted at 22 
o
C and 40 
o
C to measure the dynamic 
resilient modulus at these two temperatures for the three soils, namely, marl, sabkha, and 
sand mixed with FA and SFA. The dynamic resilient modulus was measured according to 
the AASHTO T-307 procedure. The specimens were tested under different combinations 
of confined pressure, 21 to 138 kPa (3-20 psi) and deviator stress, 34 to 276 kPa (5-40 
psi) as shown in Table 3.2 to simulate the traffic loading that the granular base and 
subbase materials are subjected to in the road structures. The variations of the resilient 
modulus with the deviator stress for all soils-FA/SFA mixes at 22 
o
C are presented in 
Figure 4.16. The results in Figure 4.16 and the statistical analysis presented in the end of 
this chapter show that there is a significant effect of the confining pressure variation in 
resilient modulus for all mixes either for FA or SFA mixes. In addition to that, the effect 
of deviator stress is clearly shown. At each confining pressure the resilient modulus 
increased greatly with the increase in the deviator stress. These findings are consistent 
with the results reported by [Li and Liu, 2010]. Furthermore, the marl soil mixed with FA 
or SFA have the highest resilient modulus values, followed by sabkha and lastly by sand 
mixes, however, SFA mixes have less resilient modulus values than that for the FA 
mixes.  
 Similarly, FA and SFA mixes were tested for resilient modulus at 40 
o
C and the 
relationships between the resilient modulus and the deviator stress are shown in Figure 
4.17. From the figure, it can be seen that, upon testing at 40, the resilient modulus values 
dropped by magnitude of 30% for FA mixes, while, significant was noticed in the 
resilient modulus values for the SFA mixes. This insignificant reduction in the resilient 
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modulus of FA and SFA mixes under increased temperature could be attributed to the 
fact that the bond between particles of the mixes are improved due to small dispersed 
droplets of asphalt formed as a result of foaming and mixing process. Thus, at low 
temperature stiffness increased at the points where mineral particles are bounded by 
asphalt droplets while where are no asphalt droplets, the connection between particles did 
not change much when temperature dropped [Li and Liu, 2010]. Thus, due to increased 
temperature, only the asphalt bounded particles are affected, which are less comparing 
with normal soil grains. 
 
















































Furthermore, since the sulfur modified mixes have a higher strength compared to 
conventional mixes, as seen in the static triaxial test results, so they are stiff mixes and 






































Table 4.4 shows regression models with high correlation of the resilient modulus in terms 
of deviator stress, confining pressure and temperatures. The general regression model of 
MR that performed high correlation (R
2 
= 96.9%) is as follows: 
MR = 83.2 + 63.1 x1 + 33.3 x2 - 3.62 T + 111 x3 - 0.203 c + 4.25 d          (4-3) 
Where, 
MR = resilient modulus in MPa 
x1 = 1 (marl) or x1 = 0 (otherwise); 
x2 = 1 (sabkha) or x2 = 0 (otherwise); 
x3 = 1(FA) or x3 = 0 (otherwise); 
T = temperature in degree  
c = confining pressure in kPa 
d = deviator stress in kPa 









FA MR = 260 - 6.47 T + 0.004 c + 4.92 d 0.989 
SFA MR = 147 - 1.77 T  - 0.692 c +  4.00 d 0.982 
Sabkha 
FA MR = 256 - 6.16 T  + 0.079 c  + 4.51 d 0.986 
SFA MR = 115 - 1.53 T  - 0.393 c  + 3.82 d 0.988 
Sand 
FA MR = 135 - 3.57 T  + 0.152 c  + 4.36 d 0.977 




4.3.2.5 Dynamic Triaxial Test 
Dynamic triaxial repeated load test was conducted on specimens of size (100 mm 
diameter by 200 mm height) prepared at the optimum water and asphalt contents ( FA, 
and SFA) and compacted to the maximum dry density. The specimens were tested under 
10 psi confining pressure and a range of deviator stress (40-80 psi) (276- 552 kPa) to 
simulate the traffic loading that the granular base and subbase materials are subjected to 
in the road. The deviatoric stress was applied in the form of a sinusoidal (haversine) wave 
pulse with loading time of 0.1 second followed by reset period of 0.9 second. Repeated 





 C) and with three levels of deviator stress (60, 70 and 80 psi) 
(414, 483, and 552 kPa) for stiff materials and (40, 50 and 60 psi) (276, 345, and 414 
kPa) for less stiffness materials.   
The results of the dynamic triaxial tests for the soils (marl, sabkha and sand) 
treated at the optimum percentages with FA and SFA and tested at 22
o
C are presented 
through Figure 4.18 to Figure 4.20. It is clear from the figures that the marl soil has a 
high resistance to rutting, followed by sabkha soil and then by sand soil. Furthermore, the 
SFA mixes, except sand soil, reflect a high rutting resistant in comparison to the normal 
FA mixes which is considered a great advantage for the new investigated material (SFA). 
However, for the sand soil the difference is not so much and the permanent deformation 




Figure  4-18: Dynamic Triaxial Test Results for Marl-FA/SFA Tested at 22 oC. 
 
























FA @ 60 psi FA @ 70 psi FA @ 80 psi

























FA @ 40 psi FA @ 50 psi
FA @ 60 psi SFA @ 40 psi




Figure  4-20: Dynamic Triaxial Test Results for Sand-FA/SFA Mixes Tested at 22 oC. 
 
the resistivity of the sulfur modified mixes to the permanent deformation may be ascribed 
to the high shear strength of these mixes as it is clear from the results of the static triaxial 
test in which there was a sharp increase in the shear strength parameters C and ф, 
particularly C when soils are treated with sulfur foamed asphalt.  
Similarly, Figures 4.21 to 4.24 show the results of the dynamic triaxial test for the 
same soils tested at 40 
o
C. It can be seen that, the same trend as before (at 22 
o
C) is 
noticeable for the sabkha soil and marl in which SFA mixes have higher resistance to 
permanent deformation. In addition to that and based on the results of the sand mixes 
shown in Figure 4.23 and Figure 4.24, in spite of the weakness of  the sand mixes, the 
SFA mix are more resistant to permanent deformation than FA mix when tested at higher 
temperature (40 
o




























Fa @ 40 psi FA @ 50 psi
FA @ 60 psi SFA @ 40 psi




Figure  4-21: Dynamic Triaxial Test Results for Marl-FA/SFA Mixes Tested at 40 oC. 
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FA @ 40 psi FA @ 50 psi
FA @ 60 psi SFA @ 40 psi




Figure  4-23: Dynamic Triaxial Test Results for Sand-FA Mixes Tested at 40 oC. 
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FA @ 50 psi


























SFA @ 40 psi
SFA @ 50 psi
SFA @ 60 psi
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Table 4.5 shows calculated intercept coefficient (a) and slope coefficient (b) of the 
regression curves fitting to the log permanent strain (εp) – log load repetitions (N) for all 
mixes under different stress levels and at different temperatures (22 
o
C and 40 
o
C). 
Regression models of these parameters in terms of temperature and deviator stress 
were developed using Minitab 16 software for all mixes and are listed in Table 4.6. The 
general regression models are as follows: 
a = 362 - 4399 x1 - 1944 x2 - 627 x3 + 42.7 T + 8.69 d                  (R
2 
= 63.4%)    (4-4) 
b = 0.028 - 0.148 x1 - 0.0262 x2 + 0.0211 x3 + 0.00331 T + 0.000316 d    (R
2 
= 32.3%) (4-5) 
Where, 
a and b = intercept and slope coefficients (permanent deformation regression coefficients) 
x1 = 1 (marl) or x1 = 0 (otherwise); 
x2 = 1 (sabkha) or x2 = 0 (otherwise); 
x3 = 1(FA) or x3 = 0 (otherwise); 
T = temperature in degree. 
d = deviator stress in kPa.   
It is clear that the general models of a and b coefficients  have low correlation compared 
with the models listed in Table 4.6 even when we tried stepwise regression (foreword 
regression) and removed insignificant factors the correlation did not change much, hence,  
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10 60 413.69 436 0.103 0.951 
10 70 482.60 1260 0.125 0.918 
10 80 551.60 1808 0.185 0.91 
SFA 
10 60 413.69 347 0.122 0.912 
10 70 482.60 780 0.140 0.916 
10 80 551.60 1060 0.171 0.938 
40 
FA 
10 60 413.69 407 0.100 0.931 
10 70 482.60 1881 0.128 0.915 
10 80 551.60 2551 0.183 0.931 
SFA 
10 60 413.69 1144 0.141 0.975 
10 70 482.60 993 0.170 0.976 









10 40 275.79 350 0.220 0.991 
10 50 344.74 1012 0.240 0.964 
10 60 413.69 2658 0.250 0.96 
SFA 
10 40 275.79 1262 0.200 0.924 
10 50 344.74 1604 0.220 0.829 
10 60 413.69 1631 0.220 0.862 
40 
FA 
10 40 275.79 4679 0.210 0.916 
10 50 344.74 3931 0.220 0.865 
10 60 413.69 3017 0.230 0.939 
SFA 
10 40 275.79 1945 0.207 0.905 
10 50 344.74 4717 0.230 0.889 







10 40 275.79 2548 0.141 0.967 
10 50 344.74 3180 0.130 0.978 
10 60 413.69 3523 0.147 0.933 
SFA 
10 40 275.79 4076 0.110 0.923 
10 50 344.74 5734 0.130 0.918 
10 60 413.69 7543 0.330 0.89 
40 
FA 
10 40 275.79 2783 0.480 0.96 
10 50 344.74 2486 0.598 0.939 
10 60 413.69 3566 0.220 0.83 
SFA 
10 40 275.79 3439 0.177 0.98 
10 50 344.74 6656 0.164 0.964 
10 60 413.69 6861 0.374 0.969 
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we recommend using material and stabilizer specific models shown in Table 4.6 instead 
of the general models above. 
Table  4-6: Regression Models of a and b Coefficients for Foamed Asphalt Mixes. 
 
4.3.2.6 Wheel Tracking Test Results 
Wheel tracking test is considered one of the most important tests simulating the 
field conditions. Thus, rutting behavior of compacted base mixes was simulated using 
Wessex engineering wheel track tester. Two slabs for each mix were compacted to their 
maximum dry density (the same density as in the dynamic triaxial test specimens) using 
dynamic compaction. Twelve slabs, 45 cm x 22 cm x 10 cm thick, were prepared from 
the three soils (marl, sabkha and sand) mixed with FA and SFA. The slabs were then 
cured at 40 
o
C for 72 hours and tested dry under a wheel load of 80 psi (552 kPa) at the 
lab temperature (22 
o
C). Figure 4.25 shows samples of the tested slabs of marl soil where 
high rutting resistance is clearly shown.  
The results shown in Figures 4.26 to 4.28 are the measured rut depth for the 
foamed (FA and SFA) treated slabs for the marl, sabkha and sand soils, respectively. 
Results clearly show the same ranking obtained from the dynamic triaxial test in which 
marl soil  has the highest rutting resistance followed by sabkha and then by sand soil. 
Furthermore, the sulfur modified foam asphalt mixes have less rutting susceptibility than 
Material Type Type of Additive a R
2 b R
2
FA a = -5529 +  24.7 T + 12.7 d 0.926 b = - 0.15 - 0.000073 T + 0.000598 d 0.95
SFA a = -1326 + 23.4 T +  3.19 d 0.8 b = - 0.0419 + 0.00115 T  + 0.000334 d 0.974
FA a = -2567 + 141 T + 2.34 d 0.704 b = 0.195 - 0.000926  T + 0.000181 d 0.962
SFA a = -1165 + 82.0 T +  2.49 d 0.426 b =  0.132 + 0.000685 T + 0.000192 d 0.872
FA a =  1056 - 7.7 T + 6.37 d 0.703 b =  0.098 + 0.0163 T  + 0.00092 d 0.712






the conventional foam mixes. Results also show that the sand treated with FA or SFA is 
very sensitive to the rutting and exhibited higher permanent deformation (> 15 mm 
within first thousand load repetition) compared to the others mixes (marl and sabkha). 
The test section was considered failed when the vertical deformation was equal or more 
than 25mm (1 in.). 
 
 





Figure  4-26: Results of the Permanent Deformation for the Marl-FA/SFA Mixes Using 




Figure  4-27: Results of the Permanent Deformation for the Sabkha-FA/SFA Mixes Using 































































Figure  4-28: Results of the Permanent Deformation for the Sand-FA/SFA Mixes Using 




4.4 Emulsified and Emulsified Sulfur Asphalt Mixes Evaluation 
Results 
Emulsified asphalt plant available in Highway Laboratory at KFUPM was used to 
produce slow setting cationic sulfur asphalt emulsion. Samples from marl, sabkha, and 
sand soils were prepared and mixed with various percentages (i.e. 3, 6, 9, 12, and 15%) of 
emulsified and sulfur emulsified asphalt according to the procedures described in Chapter 
3 (AEMA, 2004). To get the optimum residual asphalt the prepared mixtures were 
compacted in Marshall mold with 75 blows for each side. After that, the molds containing 
the compacted specimen were placed on a perforated shelf in a 60 °C (140 °F) forced 
draft oven for 48 hours. After curing, the specimens were subjected to dry and soaked 



























soaked Marshall stability. Furthermore, the mixes specimens were evaluated for dry 
indirect tensile strength. 
4.4.1 Marshall Stability Test Results 
The prepared specimens of size about 101mm diameter by approximately 63.5mm 
high for the soils treated with the normal emulsified asphalt and sulfur modified 
emulsified asphalt were subjected to dry and soaked Marshall stability test in accordance 
to ASTM D 1559 and the results are shown in Figures 4.29 to 4.31. It is seen from the 
figures that the optimum residual asphalt contents (OAC), based on the attained 
maximum soaked stability, are 8.1, 4, and 5.4% for the marl, sabkha, and sand treated 
with emulsion asphalt (EA), respectively, while, the OAC are 7.2, 3.6, and 5.4% for the 
same soils treated with sulfur modified asphalt (SEA), respectively. It can also be seen 
that, the sulfur modified emulsion decreases the stability of the treated soils comparing to 
the conventional emulsion asphalt. The optimum residual asphalt contents at which the 
maximum stabilities were attained for the SEA mixes were less than that for the EA 
mixes, except sand mixes. 
The durability of the treated soils with EA and ESA were assessed by following 
the procedure reported in Chapter three Sec. 3.5.3 for soaking the specimens and then 
testing for the soaked stability. Figure 4.32 shows the variation of retained stability with 
residual asphalt contents of EA and SEA. From the figure, it is seen that SEA mixes, 
except sand soil, have higher retained stabilities than those of EA which indicated that the 
addition of sulfur modified emulsion asphalt enhance the water resistance of the mixes. 
Based on the results of Marshall stability, it is clear that the marl soil have the highest 




Figure  4-29: Dry and Soaked Stability for Marl Soil. 
 

































































Figure  4-31: Dry and Soaked Stability for Sand Soil. 
 



































































The stabilities for all stabilized soils mixed with EA and SEA satisfy the requirement 
(2.24 kN) which is considered satisfactory for most pavements with low to medium 
traffic volume [AEMA, 2004]. Although sand-EA and sand-SEA mixes have stability 
higher than required for light and medium traffic volume, these mixes are very sensitive 
to water effects.   
4.4.2 Indirect Tensile Strength Test Results 
Figures 4.33 through 4.35 show the results of dry indirect tensile strength for the 
marl, sabkha, and sand soils mixed with various percentages of EA and SEA. It is clear 
from the figures that the ITS results follow the same trend of the stability results and the 
maximum ITS was attained at approximately the same optimum residual asphalt for the 
maximum Marshall stability. The results show that marl and sabkha soils treated with 
SEA exhibit a little bit higher ITS values compared to the same soils treated with EA, 
whereas, for the sand soil the inverse is correct. Recommendations from experts in the 
Australian Road Research Board (ARRB) are that the dry indirect tensile strength should 
be at least 200 kPa and the soaked tensile strength be at least 100 kPa for base course 
layer in the pavement structure [SABITA, 1998]. For the treated materials to be used as a 
base course layer in the pavement structure, where the water table is close to the surface, 
it is believed that an ITS of more than 200 kPa together with more than 80% retained 
strength of ITS will perform adequately [SABITA, 1998]. The results show that all soils 





Figure  4-33: Dry ITS Results for Marl Soil. 
 









































Figure  4-35: Dry ITS Results for Sand Soil. 
 
4.4.3 Static Triaxial Test (Shear Strength) Results 
Specimens have a size of 2 in. diameter and 4 in. height, were prepared from the 
marl, sabkha, and sand soils at the optimum moisture, EA, and SEA contents and 
compacted to the optimum density using dynamic compactor.  2% cement was also added 
to the mixtures. In order to get the same Marshall density, the required number of layers 
and blows were determined. The prepared specimens were, then cured for 48 hrs at 60 
o
C. 
After curing, the specimens were subjected to the static triaxial test in a compliance with 
ASTM D 2850 to get the shear strength parameters C and ф. To construct the Mohr-
Coulomb failure envelope, tests were done at three different confining pressures up to 
failure. Figure 4.36 shows the Mohr-Coulomb failure envelopes for all mixes and the 
























Table  4-7: Cohesion and Angle of Internal friction for Soils-EA-SEA Mixes. 
Soil Type Binder Type C (kPa) (degree) 
Marl EA 280.66 31 
SEA 133.93 32 
Sabkha EA 20 32 
SEA 12.22 30 
Sand EA 25.11 30 





The results shown in Figure 4.36 and Table 4.7 indicate that, marl-EA mix has the 
highest cohesion value and this value dropped when the marl treated with SEA. Sabkha 
and sand soils have shown very close strength parameters to each other and again there is 
a reduction in the cohesion when they were treated with SEA. The values of cohesion 
reveal that EA mixes have better coating, while, SEA mixes have less effective coating. 
The general regression model with a high correlation (R
2
 = 99.6%) for the shear 
strength was developed using Minitab 16 software and reported as follows: 
η = -304 + 55.2 x1 + 0.99 x2 + 8.41x3+ 0.588 n + 0.63 C + 10.51ф      (R
2 
= 99.6%)       (4-6) 
Where, 
η = shear strength in kPa; 
x1 = 1 (marl) or x1 = 0 (otherwise); 
x2 = 1 (sabkha) or x2 = 0 (otherwise); 
x3 = 1(EA) or x3 = 0 (otherwise); 
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n = normal stress in kPa; 
C = cohesion in kPa, and 
ф = angle of internal friction in degree. 
 
Figure  4-36: Mohr-Coulomb Failure Envelope for Soils-EA/SEA Mixes. 
 
4.4.4 Dynamic Resilient Modulus Test Results 
The dynamic resilient modulus for the marl, sabkha, and sand soils stabilized with 





























of a size 4 inch diameter and 8 inch height were prepared at the optimum moisture, EA, 
and SEA contents and compacted to the maximum density. Thereafter, they were tested 
under different combinations of confined pressure 21-138 kPa (3-20 psi) and deviator 
stress 34-276 kPa (5-40 psi) as shown in Table 3.2 to simulate the traffic loading that the 
granular base and subbase materials are subjected to in the road structures. The variations 
of the resilient modulus with the deviator stress for all soils mixed with EA and SEA at 
22 
o
C are shown in Figure 4.37.  
The results in Figure 4.37 and the statistical analysis presented at the end of this 
chapter clearly show that there is a significant effect of the variation of the confining 
pressure on the resilient modulus. Furthermore, the effect of deviator stress is clearly 
shown. At each confining pressure the resilient modulus increased greatly with the 
increase in the deviator stress. It can be seen that the marl soil, treated with EA or with 
SEA, has the highest resilient modulus, followed by the sabkha, and lastly by the sand 
soils treated with the same stabilizers. The difference, however, is insignificant. 
Figures 4.38 presents the variation of the resilient modulus, measured at 40 
o
C, for 
the same soils mixed with EA and SEA. Again there is significant effect of the confining 
pressure variation on the resilient modulus results and the effect of deviator stress 
variation is very clear. Under the same confining pressure, the resilient modulus 
increased greatly with the increase in the applied deviator stress and this is the same trend 
noticed for the resilient modulus measured at 22 
o
C. The results also show that there is a 
drop in the resilient modulus values measured at 40 
o
C compared to those measured at 22 
o
C. This reduction in the MR values appeared to be small in the SEA mixes compared to 
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the EA mixes. Thus, the sulfur modified emulsified asphalt (SEA) mixes are less 
sensitive to the temperature effect which is considered as a great advantage. 
In comparison between the resilient moduli for the emulsified asphalt and emulsified 
sulfur asphalt mixes, it is seen that the moduli for the marl-SEA and sabkha-SEA are 
slightly higher than those for the marl-EA and sabkha-EA mixes, whereas, the inverse is 















































Table 4.8 shows regression models with high correlation of the resilient modulus in terms 
of deviator stress, confining pressure and temperatures. The general regression model of 
MR that performed high correlation (R
2 
= 98.4%) is as follows: 







































MR = resilient modulus in MPa 
x1 = 1 (marl) or x1 = 0 (otherwise); 
x2 = 1 (sabkha) or x2 = 0 (otherwise); 
x3 = 1(EA) or x3 = 0 (otherwise); 
T = temperature in degree  
c = confining pressure in kPa 
d = deviator stress in kPa 








EA MR = 128 - 2.26 T  - 0.513 c + 4.52 d 0.98 
SEA MR = 119 - 2.49 T  - 0.257 c + 4.61d 0.993 
Sabkha 
EA MR = 158 - 3.07 T  - 0.346 c + 4.05 d 0.988 
SEA MR = 139 - 2.39 T  - 0.417 c + 4.25 d 0.99 
Sand 
EA MR = 151 - 3.21 T  - 0.093 c + 3.79 d 0.99 
SEA MR = 86.1 - 1.05 T - 0.329 c + 4.01 d 0.992 
 
4.4.5 Dynamic Triaxial Test 
The dynamic triaxial tests were conducted, in a manner as discussed in Chapter 3, 
on soils, namely, marl, sabkha and sand treated at the optimum contents with emulsified 





C). The results of the test at 22 
o































EA @ 40 psi EA @ 60 psi
EA @ 70 psi EA @ 80 psi
SEA @ 40 psi SEA @ 60 psi




Figure  4-40: Dynamic Triaxial Test Results for Sabkha-EA/SEA Mixes at 22 oC. 
 
 




























EA @ 40 psi EA @ 60 psi
EA @ 70 psi EA @ 80 psi
SEA @ 40 psi SEA @ 60 psi



























EA @ 40 psi EA @ 60 psi
EA @ 70 psi EA @ 80 psi
SEA @ 40 psi SEA @ 60 psi
SEA @ 70 psi SEA @ 80 psi
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On the contrary to the foamed mixes, the addition of the modified sulfur emulsion asphalt 
(SEA) to the soils increased the possibility of rutting especially for marl and sand soils as 
it is clear from the results presented in Figure 4.39 and Figure 4.41. However, in the 
sabkha soil the SEA mixes show less permanent deformation than the standard mixes 
(EA) but they reached to the third stage (failure stage) earlier than EA mixes, particularly 
at high stress levels. Such behavior could be attributed to the reduction in the shear 
strength parameters (C and ф) of the soils when treated with SEA rather than 
conventional EA and this is obvious in the results of the static shear triaxial test in 
Chapter 4 for both conventional and modified mixes.  
Figures 4.42 to 4.44 show the dynamic triaxial test results for the same three soils 
tested at 40 
o
C. Based on the results shown in Figure 4.42 for the marl soil, the same 
trend as in testing at 22 
o
C is clearly present but, here the mixes remained in the second 
stage of the creep curve and did not reach to the third stage (failure stage) as happened 
when testing at 22 
o
C and under 80 psi loading which means that sulfur mixes performed 
very well at higher temperatures. 
On the other hand, sabkha and sand soils show the inverse trend in which SEA 
mixes are less sensitive to rutting in comparison to the conventional mixes which failed 
rapidly as shown in Figure 4.43 and Figure 4.44. Furthermore, the materials did not reach 
to the failure stage, particularly at low to medium loading for sand and for all levels of 
loading in case of the sabkha soil. In addition to that, the slope (b) and intercept (a) of the 
permanent deformation curves are low which leads to have a high ALPHA (α) and low 




Figure  4-42: Dynamic Triaxial Test Results for Marl-EA/SEA Mixes at 40 oC. 
 

























EA @ 60 psi EA @ 70 psi
EA @ 80 psi SEA @ 60 psi


























EA @ 40 psi EA @ 50 psi
EA @ 60 psi SEA @ 60 psi




Figure  4-44: Dynamic Triaxial Test Results for Sand-EA/SEA Mixes at 40 oC. 
 
Hence, we can end up with the clue that the sulfur modified emulsion mixes have higher 
ability to resist permanent deformation (rutting) and lower temperature susceptibility than 
conventional mixes. 
Table 4.9 shows calculated intercept coefficient (a) and slope coefficient (b) of the 
regression curves fitting to the log permanent strain (εp) – log load repetitions (N) for all  






Regression models of these parameters in terms of temperature and deviator stress 
were developed using Minitab version (16) software for all mixes and are listed in Table 
4.10. The general regression models are as follows: 
a = - 362 + 2468 x1 + 4612 x2 - 4370 x3+ 134 T + 0.92 d                  (R
2 
= 56.8%)    (4-8) 
b = 0.042 - 0.278 x1 - 0.0441 x2 + 0.137 x3 - 0.00006 T + 0.000561d    (R
2 



























EA @ 60 psi EA @ 70 psi
EA @ 80 psi SEA @ 60 psi




a and b = intercept and slope coefficients (permanent deformation regression coefficients) 
x1 = 1 (marl) or x1 = 0 (otherwise); 
x2 = 1 (sabkha) or x2 = 0 (otherwise); 
x3 = 1(EA) or x3 = 0 (otherwise); 
T = temperature in degree. 
d = deviator stress in kPa.   
It is clear that the general models of a and b coefficients  have low correlation compared 
with the models listed in Table 4.10 even after  we did a foreword regression and tried to 
remove the insignificant factors, the correlations still low, hence, we  recommend using 
material and treatment specific models shown in Table 4.10 instead of the general models 
above. 
4.4.6 Dynamic Triaxial Results of Subgrade Soils   
Dynamic triaxial repeated load test was also conducted on three types of soils, 
which might be found in the field as a subgrade. These soils are marl, sabkha and sand. 
The dynamic triaxial test was conducted on soils specimens having a size of 100 mm in 
diameter and 200 mm in height, prepared at their optimum moisture contents and 
compacted to the maximum dry density as determined by compaction test. The test was 
applied with a confining pressure of 5 psi and a deviatoric stress of 10 psi. These stresses 
are the most likely subgrade subjected to as determined by analyzing the proposed 
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pavement sections under standard axle load (18 kip). Figure 4.45 shows the results of this 
test on the three soils. The Soaked CBR values for marl, sabkha and sand are 25, 10 and 
15%, respectively. The soaked CBR value (10%) for the sabkha soil represents a weak 
sabkha, while, the CBR value for the sabkha compacted and soaked with sabkha brine 
was found to be around 24%. 
 
 














































10 40 275.80   0.88 
10 60 413.69 788.60 0.106 0.931 
10 70 482.60 983.50 0.091 0.926 
10 80 551.60 1262.00 0.087 0.929 
SEA 
10 40 275.80 8904.00 0.033 0.572 
10 60 413.69 7002.00 0.068 0.955 
10 70 482.60 5757.00 0.130 0.961 
10 80 551.60 6320.00 0.155 0.986 
40 
EA 
10 60 413.69 2283.00 0.033 0.962 
10 70 482.60 2558.00 0.039 0.964 
10 80 551.60 2860.00 0.042 0.971 
SEA 
10 60 413.69 3837.00 0.096 0.991 
10 70 482.60 6130.00 0.121 0.982 








10 60 413.69 3922.00 0.311 0.99 
10 70 482.60 1839.00 0.479 0.997 
10 80 551.60 3155.00 0.422 0.973 
SEA 
10 60 413.69 2106.00 0.357 0.989 
10 70 482.60 5584.00 0.240 0.968 
10 80 551.60 4298.00 0.359 0.985 
40 
EA 
10 60 275.79 4844.00 0.420 0.888 
10 70 344.74 2689.00 0.450 0.988 
10 80 413.69 2168.00 0.581 0.983 
SEA 
10 60 413.69 13817.00 0.058 0.995 
10 70 482.60 15238.00 0.059 0.993 







10 40 275.80 1475.00 0.120 0.768 
10 60 413.70 1948.00 0.122 0.886 
10 70 482.60 690.00 0.442 0.965 
10 80 551.60 795.30 0.354 0.967 
SEA 
10 40 275.80 3290.00 0.116 0.978 
10 60 413.70 828.00 0.290 0.845 
10 70 482.60 1091.00 0.570 0.952 
10 80 551.60 1888.00 0.518 0.999 
40 
EA 
10 60 413.70 1189.00 0.539 0.999 
10 70 482.60 704.30 0.775 0.999 
10 80 551.60 1567.00 0.839 0.987 
SEA 
10 60 413.70 4843.00 0.064 0.946 
10 70 482.60 3079.00 0.150 0.972 








4.4.7 Wheel Tracking Test Results 
Rut depth measurement of EA and SEA mixes was carried out in the same 
manner discussed in Chapter 3 in which twelve slabs of size 45 cm x 22 cm x 10 m thick 
(two slabs for each mix)  for the marl, sabkha and sand were prepared at the density 
corresponding to the dynamic triaxial specimens density. Thereafter, the slabs were cured 
at 60 
o
C for 48 hours and tested dry under the same wheel load used for foam slabs 
testing (552 kPa) and at the lab temperature (22 
o
C). Figure 4.46 shows some of tested 
slabs where a severe rut is obviously shown in some slabs (sand mixes), whereas, some 
other slabs show less rutting susceptibility (marl mixes).  
The results shown through Figures 4.47 to 4.49 are the measured rut depth for EA and 
SEA mixes for marl, sabkha and sand, respectively. Again the same trend and ranking as 
in the dynamic triaxial is observed in which marl soil  has the highest rutting resistance 
followed by sabkha and then by sand soil. This means that rutting can be predicted from 
any of the test method and can be compared reasonably well with one another. Results 
also indicate that the sulfur emulsion mixes show lower rutting resistance than the normal 
emulsion mixes. In comparison to foamed mixes either normal or sulfur modified, 
Material Type Type of Additive a R
2 b R
2
EA a = - 2728 + 86.4 T + 3.81d 0.999 b =  0.181 - 0.00315 T - 0.000036 d 0.957
SEA a = - 4640 + 25 T + 21.6 d 0.386 b = - 0.139 + 0.000296 T  + 0.000518 d 0.916
EA a = 10779 - 81.1 T  - 12.5 d 0.483 b = - 0.335 + 0.0120 T + 0.000986 d 0.722
SEA a = - 25258 + 682 T + 29.5 d 0.965 b =  0.642 - 0.0145 T  - 0.000007 d 0.917
EA a = 2488 + 0.5 T  - 2.81 d 0.411 b = - 1.13 + 0.0229 T+ 0.00193d 0.906






emulsified mixes are less resistant to permanent deformation than foamed mixes. Results 
also show that the sand treated with EA or SEA is very sensitive to the rutting and 
exhibited higher permanent deformation (> 15 mm within first thousand load repetition) 
compared to the others mixes (marl and sabkha).  
In general, the relative performance ranking of accelerated pavement tests (APT), 
represented here by loaded wheel tracking test, and dynamic triaxial repeated load tests is 
found to be the same for all investigated mixes in this study. 
 
 
Figure  4-46: Permanent Deformation in Wheel Tracking of EA/SEA Samples 
Sand+EA Sand+SEA 




Figure  4-47: Results of the Permanent Deformation for the Marl-EA/SEA Mixes Using 




Figure  4-48: Results of the Permanent Deformation for the Sabkha-EA/SEA Mixes Using 

























































Figure  4-49: Results of the Permanent Deformation for the Sand-EA/SEA Mixes Using 





The SEM micrograph of marl soil is shown in Figure 4.50 (a). A porous 
morphology and large voids are clearly shown in the soil structure. Furthermore, the 
grain size distribution is clearly shown in which large grains are present with some fines 
materials filled some of interparticles voids. The EDX shown in Figure 4.50 (b) implies 
the presence Mg, Si, K, Ca and Fe with about 10.67, 3.56, 0.62, 19.66 and 1.14 % by 
weight, respectively.  
Figure 4.51 (a) shows the SEM of marl soil treated with 2 % cement. The SEM 
micrograph indicates a porous morphology and lack of cementing gel due to the low 



























Mg, Al, Si, K, Ca, and Fe with about 8.38, 2.47, 10.4, 1.15, 20.36 and 1.02 % by weight, 
respectively. These are mainly contributed by the marl soil and cement. The increase in 
Ca and Si was due to the addition of 2% cement and formation of calcium silicate hydrate 
C-S-H.  
Figure 4.52 (a) shows the SEM of marl treated with normal foamed asphalt in 
addition to 2 % cement. The structure is denser due to the presence of foamed asphalt 
droplets which coat and joint some grains of the marl soil.  The EDX, Figure 4.52 (b), 
shows that C, Mg, Si, K, Ca, and Fe elements form 12.97, 2.04, 12.22, 0.51, 10.51 and 
0.66 % by weight, respectively.  
Figure 4.53 (a) shows the SEM of marl treated with foamed sulfur asphalt in 
addition to 2 % cement. The structure is too dense compared to the normal FA mix. The 
EDX is shown in Figure 4.53 (b) where  C, Na, Mg, Al , Si, S, K, Ca and Fe form 9.4, 
1.49, 1.85, 1.48, 17.48, 1.3, 1.27, 15.85 and 0.99 % by weight, respectively. Ca and Si are 
responsible for the formation of calcium –silicate-hydrate gel (C-S-H) and it is seen that 
these elements are present with higher percentage compared with the normal FA mix in 
Figure 4.52 (b) which means higher strength would be gained. The percent of carbon (C) 
is noticed to be less than in conventional foamed mixes because of the replacement of 
asphalt by 30% sulfur.  Sulfur is also shown with a significant percent (1.3%) in the EDX 
results. Thus, one can say that, the gain in strength have come from the increase in the 
stiffness of asphalt binder due to the presence of sulfur. 
Table 4.11 summarizes the percents by weight of the chemical elements for all mixes 
discussed in the previous paragraphs. 
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Marl+2% C+SFA  
(% weight) 
C  - -  12.97 9.4 
Na  - -  -  1.49 
Mg 10.67 8.38 2.04 1.85 
Al  - 2.47 -  1.48 
Si 3.56 10.4 12.22 17.48 
K 0.62 1.15 0.51 1.27 
Ca 19.66 20.36 10.51 15.85 
Fe 1.14 1.02 0.66 0.99 
S  -  -  - 1.3 
 
Mahoney et al., (1982) reported that when sulfur are heated and combined with asphalt, 
three different reactions may occur: 
1. Sulfur can react chemically with the bitumen and result in 
dehydrogenation. This becomes important at temperatures above about 
152°C. 
2. Sulfur can be dissolved in the bitumen. 
3. Sulfur in the crystalline form can remain in suspension in the bitumen. 
The sulfur that does not chemically combine with the bitumen may be dissolved in true 
solution, dispersed as a colloid, or appeared in the asphaltic mixture as crystalline sulfur. 
Recent study [Masegosa et al., 2012]  reported that 70% of the sulfur in the blend 
remained in an immiscible crystalline form, with the remainder 30% being amorphous 
The larger the amount of added sulfur to a bitumen, the larger the amount of sulfur that 





































The result is large amounts of crystalline sulfur existing in the paving mixture generally 
as “needle-like” structures. Scanning electron microscopy analysis has shown that sulfur 
crystals were more abundant in the voids than in the binder itself, thus the more voids in a 
particular asphalt mixture, the more crystals [Mahoney et al., 1982]. 
Since SFA was produced at a temperature of 150 
o
C that gave the best foaming 
characteristic without causing sulfur fumes, thus sulfur were dissolved in the bitumen or 
existed in a needle-like crystalline form as shown in the Figure 4.53 (a), Figure 4.54 (a) 
and Figure 4.57.  
The higher strength of marl-SFA could be attributed to the presence of the sulfur 
crystals in the voids of the mixture and due to the increased stiffness of sulfur asphalt 
binder. The  needle like crystals formed as a result to the addition  of sulfur are also 
shown clearly for the sand soil treated with SFA and 2 % cement in Figure 4.54. The 
presence of calcium and silicon with 8.4 and 16.71%, respectively, indicated the 
component of the C-S-H gel which is evident in the same SEM micrograph. 
Figure 4.55 show the SEM for sabkha treated with emulsion asphalt in addition to 
2 % cement. The smooth areas are certainly bitumen and the different phases of 
recrystallized cement are also seen. Moreover, the characteristics of ettringite, calcium 
hydroxide and calcium silicate are presents, similar to that found in the normal hardened 
concrete. In addition to the crystals, pores are also formed due to the gas bubbles or 
evaporation of water droplets. Some of these pores are evident in the mixture shown in 
Figure 4.55 (a) and (c). Image in Figure 4.55 (c) shows that the cementitious phase is 
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dispersed within the bituminous binder. This could have the additional effect of stiffening 



























































The presence of halite and gypsum in sabkha has reduced the quality and strength of the 
C-S-H gel. Though the presence of gypsum increases the amount of C-S-H gel, the 
quality of the gel is weak. Furthermore, the presence of gypsum in the sabkha lead to the 
formation of etringite which in turn contributed to the lower quality of C-S-H gel, thus 








































C)  C-S-H Crystals. 
 







Similarly, Figures 4.56 and 4.57 show the SEM for the sabkha and sand treated with SEA 
and 2 % cement, respectively. The same morphology was observed as in the normal 
emulsion-cement-soils mixes except that the colloids and the needle-like crystals of 
sulfur are evident in the voids between the soil particles. Moreover, characteristics of 
calcium hydroxide and calcium silicate are presents. Although water in emulsion 
mixtures is a vital ingredient of the process, it becomes a problem in terms of inhibiting 
compaction and delaying strength gain and this might justify the low stiffness of some 
emulsion mixes, particularly sulfur modified emulsion mixes where the sulfur crystals 
formed in voids of the mixtures delay water evaporation to some extent. Thus, to gain the 
final strength, sulfur modified emulsion mixtures should be cured longer than regular EA 
mixes. Figure 4.56 also show a more voids which might be behind the weakness of the 
mixture. 
 




Figure  4-57: SEM of Sand Treated with SEA and 2 % Cement. 
 
4.6 Statistical Analysis Results 
The effect of binder type (i.e. FA, SFA, EA and SEA) on the mechanical and 
engineering properties of the soils, namely, marl, sabkha and sand soils were statistically 
analyzed using the data obtained from the different laboratory tests conducted on the soil 
mixes. Furthermore, the effect of temperature, stresses either confined or deviatoric, on 
some of these engineering properties such as resilient modulus were also analyzed. Since 
residual asphalt percentages are not always the same for  the tested mixes, so the 
experiment design should involved two factors (i.e. additive type and percentage of 
residual asphalt) when testing for Marshall stability and indirect tensile strength. In the 
resilient modulus results analysis, however, all tested mixes were at optimum residual 
asphalt content so we ignored this factor.  
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Analyses were done for the null hypothesis “Ho: the data obtained has equal means”. The 
alternative hypothesis (Ha) is that at least one population means is significantly different 
from the others. The null hypothesis is rejected if P-value is less than α = 0.05 (95 % 
confidence level) implying that the data do not support the null hypothesis. Due to the 
nature of the experimental design and the number of treatment involved in each test, the 
hypotheses were tested using a two-way and general linear model analysis of variance 
(ANOVA) by Minitab (version 16) software. The model adequacy check was performed 
before conducting ANOVA analysis. To ensure the relevance and appropriateness of the 
selected test method, equality of variance test and normality check test were carried out 
first. The results of these tests indicated that the observations independency assumption 
was satisfied and the normality and equal variance checks also shows the data to be 
normally distributed with more or less equal variance for each level of treatment. The 
abstract of the ANOVA results are shown in Table 4.12 through Table 4.14 and the 
complete Minitab print out is presented in Appendix A. 
4.6.1 Marshall Stability 
Table 4.12 shows the abstract of the ANOVA results of Marshall stability (dry 
and soaked) for foamed and emulsion mixes, as well. The analysis of data by ANOVA 
technique shows that the additive types (FA and SFA) and residual asphalt have a 
significant effect only on the dry stability in marl mixes whereas there is a slight effect 
(insignificant) on the stability in the sabkha and sand mixes either dry or soaked. One the 
other hand, the additive types EA and SEA have a significant effect on the dry and 
soaked stability in the all three soils mixes. Furthermore, the residual asphalt has a 
significant impact on the stability.  
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4.6.2 Indirect Tensile Strength (ITS) 
Abstract of the statistical analysis results for dry and soaked split tensile strength 
for foamed mixes and only dry ITS for emulsified mixes is shown in Table 4.13. The 
results reveal that the null hypothesis “additive types and residual asphalt have equal 
means” can be rejected indicating that there is a significant effects of additive type as 
well as residual asphalt on both dry and soaked ITS in soils-FA/SFA mixes. However, for 
emulsified asphalt-soils mixes, the ANOVA results reveal that the additive type has 
insignificant effect on ITS in marl soil mix but it has a significant effect on the sabkha 
and sand soils mixes. 
4.6.3 Resilient Modulus (MR) 
Since the effect of four factors that are, temperature, additive type, confining 
pressure and deviator stress on the resilient modulus should be statistically analyzed, the 
general linear model under ANOVA technique was used. Table 4.14 shows abstract of 
the ANOVA results for foamed and emulsified soils mixes. Based on the results of the 
foam mixes in Table 4.14, it is clearly shown that, the null hypothesis can be rejected 
since there is a significant effect for all factors on the resilient modulus in the marl, 
sabkha and sand soil mixes. The low values of p-value imply that the data do not support 
the null hypothesis and thus the alternative hypothesis is accepted. Similarly, results for 
emulsified-soils mixes shown in the same table reveal that all the factors have a 
significant effect on the resilient modulus except the additive type which reflects 
insignificant effect in the three soils mixes. 
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Additive Type 48  0.020   Significant 
Residual Asphalt 134.33 0.007  Significant 
Sabkha 
Additive Type 0.00  0.972  Insignificant  
Residual Asphalt 0.25 0.799 Insignificant  
Sand 
Additive Type 0.02 0.892  Insignificant  








Additive Type  0.27 0.652  Insignificant  
Residual Asphalt 0.31 0.765 Insignificant  
Sabkha 
Additive Type 0.02  0.910  Insignificant  
Residual Asphalt 1.00 0.499 Insignificant  
Sand 
Additive Type 0.05  0.850  Insignificant  

















Additive Type 372.23 0.000 Significant 
Residual Asphalt 64.84 0.000 Significant 
Sabkha 
Additive Type 67.22 0.001 Significant 
Residual Asphalt 19.06 0.007 Significant 
Sand 
Additive Type 56.25 0.002 Significant 








Additive Type 96.25 0.001 Significant 
Residual Asphalt 19.31 0.007 Significant 
Sabkha 
Additive Type 33.45 0.004 Significant 
Residual Asphalt 23.96 0.005 Significant 
Sand 
Additive Type 63.49 0.001 Significant 




























Additive Type 13.29 0.022 Significant 
Residual Asphalt 38 0.002 Significant 
Sabkha 
Additive Type 61.53 0.001 Significant 
Residual Asphalt 63.26 0.001 Significant 
Sand 
Additive Type 9.23 0.038 Significant 








Additive Type 28.95 0.006 Significant 
Residual Asphalt 62.85 0.001 Significant 
Sabkha 
Additive Type 36.16 0.004 Significant 
Residual Asphalt 78.11 0.000 Significant 
Sand 
Additive Type 52.91 0.002 Significant 


















Additive Type 3.84 0.107 Insignificant 
Residual Asphalt 144.49 0.000 Significant 
Sabkha 
Additive Type 12.55 0.024 Significant 
Residual Asphalt 26.07 0.004 Significant 
Sand 
Additive Type 17.06 0.014 Significant 





Table  4-14: Result of MR ANOVA at 5% Significance Level. 
Mix 
Type 













Temperature 9.6 0.003 Significant 
Type of Additive 31.18 0.000 Significant 
Confining Pressure 26.36 0.000 Significant 
Deviator Stress 121.16 0.000 Significant 
Sabkha 
Temperature 10.32 0.002 Significant 
Type of Additive 30.32 0.000 Significant 
Confining Pressure 30.27 0.000 Significant 
Deviator Stress 130.64 0.000 Significant 
Sand 
Temperature 7.33 0.009 Significant 
Type of Additive 17.81 0.000 Significant 
Confining Pressure 42.71 0.000 Significant 















Temperature 4.18 0.045 Significant 
Type of Additive 0.54 0.467 Insignificant 
Confining Pressure 36.30 0.000 Significant 
Deviator Stress 167.04 0.000 Significant 
Sabkha 
Temperature 7.18 0.009 Significant 
Type of Additive 1.27 0.264 Insignificant 
Confining Pressure 38.94 0.000 Significant 
Deviator Stress 179.51 0.000 Significant 
Sand 
Temperature 4.53 0.037 Significant 
Type of Additive 0.28 0.598 Insignificant 
Confining Pressure 38.02 0.000 Significant 






5 CHAPTER 5 
PREDICTION OF PERMANENT DEFORMATION  
One of the major distresses in the flexible pavement is rutting, as indicated by the 
permanent deformation or rut depth along the wheel paths. Many factors affect the width 
and depth of the rut, such as, structural characters of the pavement layers (thickness and 
material quality), traffic loads and environmental conditions. It is known that surface 
rutting forms as a result of the accumulation of the load-induced permanent deformation 
developed from all individual pavement layers, including the subgrade. Moreover, when 
the surface layer is thin, large percentage of the total rutting will mostly come from the 
underneath layers of pavement such as, base, subbase and subgrade. Thus, in order to 
predict the total permanent deformation of a pavement structure, one has to get the 
properties of the material in each layer and predict the layer rut. VESYS model is adopted 
in this study since it is considered suitable to predict a layer rut depth and the total rut 
depth of the pavement structure. The model parameters depend on the results of the 
experimental work on the material for each layer. Therefore, the dynamic triaxial 
repeated load test, which is suitable lab tests to get the VESYS model parameters, was 
conducted on the investigated materials and the results were presented in Chapter 4. 
5.1 Prediction of Permanent Deformation Using VESYS Model 
VESYS model includes two different flexible pavement rutting models: system 
rutting and layer rutting model. One of the advantages of the layer rutting model is its 
capability to predict both surface rutting and the permanent deformation in each layer of 
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the pavement structure. The permanent deformation in each finite layer can be estimated 
as the product of the layer material permanent deformation law associated with that layer 
and the elastic compression at that layer which in layer theory is given by the difference 
in deflections of the top and bottom of the layer. Thus, the rut depth in any finite layer 
can be calculated from the following equation [Zhou and Scullion, 2002]: 











                                  (5-1) 
Where, 
RD = the permanent deformation (rutting) level after N load repetitions; 
W+, W
-
 = the elastic deflection amplitudes of the top and bottom surfaces of the layer, 
respectively;  




 ,    α = 1- b                                          (5-2) 
a = intercept coefficient of accumulated permanent strain vs. number of load repetitions 
curve on log-log scale;  
b = slope coefficient of accumulated permanent strain vs. number of load repetitions 
curve on log-log scale; and 
εr = resilient strain 
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                  (5-3) 
Where, 
µsub and αsub = permanent deformation parameters of the subgrade material;  
W
+
sub = the deflection at top of subgrade due to single axle load; 
et = the strain at top of subgrade due to the axle group; and 
es = the strain at top of subgrade due to single axle.  
To predict the total rut depth for a pavement structure, the above model parameters for 
each layer need to be calculated. Two software packages that can model the rutting of 
individual pavement layers are available. Zhou and Scullion (2005) developed a 
convenient pre- and post-processor for the classical VESYS program originally 
developed by Kenis (1977) called VESYS 5W. VESYS 5W software program is short for 
Visco - Elastic Pavement System Analysis Program [Kenis et. al., 1982 and FHWA, 
2003]. Tirado et al. (2006) developed an advanced version of VESYS 5W called 
TxIntPave which addresses some of the well-known limitations of VESYS 5W and can 
be used to estimates the rutting of each individual layer of in a flexible pavement with the 
number of truck passes. In this study, VESYS 5W software was used to analyze the 
pavement structure and perform analysis. Some of the model requirements above are 
directly calculated by the software itself. The two main input parameters in the VESYS 
5W rutting model are permanent deformation parameters, α and µ for each layer. These 
parameters should be calculated using Eq. 5.2 and input into the software. 
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One of the most primary important parameters required for the pavement analysis and 
performance is resilient modulus (MR) for each layer of the pavement structure. To obtain 
the accurate values of the resilient modulus for the treated base materials, the base layer 
was divided into sub-layers and starting with assumed initial values of resilient modulus 
based on the results of resilient modulus test presented in Chapter 4 for all treated soil 
mixes. Thereafter, the 3D move analysis software was used to compute the stress state in 
each sub-layer and then the average stress was used to calculate the subsequent resilient 
modulus value. The process continued for a number of iteration until the difference 
between the assumed and calculated MR was less than 1%. The resilient strain for a 
layered elastic system then can be approximated as [Gautam et al., 2009]: 
εr =  
   
  
                                                  (5-4) 
The results of the dynamic triaxial tests for the soils (marl, sabkha and sand) alone as a 
subgrade and treated with FA, SFA, EA, and SEA as a base were presented in Chapter 4. 
Based on these results, one can calculate the permanent deformation parameters ( and 
for each mix by presenting the accumulated permanent strain versus number of load 
repetitions curve on a log-log scale as explained in Chapter 4. Figure 5.1 shows how 
these two parameters were calculated where 𝛔d is a deviator stress. An example showing 
how to calculate these parameters is presented in Appendix B. Table 5.1 presents the 
VESYS layer rutting parameters, µ and α for subgrade soils and foamed mixes, while, 




Figure  5-1: Calculation of Permanent Deformation Parameters (α and μ). 
 
The total rut depth for any pavement structure is the summation of the rut depth for each 
layer in addition to the rut depth of the subgrade. To compute the rut depth for the 













                           (5-5) 
In which  and  are stress and temperature dependent. Based on the results on Table 
5.1 and Table 5.2,  and were analyzed and regression models were created using 
Minitab version16 to express these two parameters as functions of stress levels and 


















5 10 69.00 0.91 0.07 
Sabkha  5 10 69.00 0.85 0.20 






10 60 413.69 0.90 0.24 
10 70 482.60 0.88 0.84 
10 80 551.60 0.82 1.78 
SFA 
10 60 413.69 0.88 0.18 
10 70 482.60 0.86 0.45 
10 80 551.60 0.83 0.74 
40 
FA 
10 60 413.69 0.90 0.20 
10 70 482.60 0.87 1.20 
10 80 551.60 0.82 2.33 
SFA 
10 60 413.69 0.86 0.65 
10 70 482.60 0.83 0.71 









10 40 275.79 0.78 0.77 
10 50 344.74 0.76 1.64 
10 60 413.69 0.75 2.48 
SFA 
10 40 275.79 0.80 0.70 
10 50 344.74 0.78 1.50 
10 60 413.69 0.78 1.52 
40 
FA 
10 40 275.79 0.79 1.85 
10 50 344.74 0.78 2.15 
10 60 413.69 0.77 3.60 
SFA 
10 40 275.79 0.79 1.00 
10 50 344.74 0.77 1.50 







10 40 275.79 0.86 1.61 
10 50 344.74 0.87 1.84 
10 60 413.69 0.85 2.28 
SFA 
10 40 275.79 0.89 1.75 
10 50 344.74 0.91 1.93 
10 60 413.69 0.67 2.17 
40 
FA 
10 40 275.79 0.73 5.56 
10 50 344.74 0.64 6.78 
10 60 413.69 0.68 8.05 
SFA 
10 40 275.79 0.82 2.40 
10 50 344.74 0.94 4.44 


















10 40 275.80 0.97 0.16 
10 60 413.69 0.89 0.38 
10 70 482.60 0.91 0.41 
10 80 551.60 0.91 0.50 
SEA 
10 40 275.80 0.97 1.36 
10 60 413.69 0.93 2.17 
10 70 482.60 0.87 3.39 
10 80 551.60 0.85 4.42 
40 
EA 
10 60 413.69 0.97 0.33 
10 70 482.60 0.96 0.44 
10 80 551.60 0.96 0.52 
SEA 
10 60 413.69 0.90 1.64 
10 70 482.60 0.88 3.29 








10 60 413.70 0.69 2.75 
10 70 482.60 0.52 4.23 
10 80 551.60 0.58 4.63 
SEA 
10 60 413.70 0.64 3.19 
10 70 482.60 0.76 5.65 
10 80 551.60 0.64 6.46 
40 
EA 
10 40 275.80 0.58 3.52 
10 50 345.00 0.55 4.95 
10 60 413.70 0.42 5.01 
SEA 
10 60 413.70 0.94 3.32 
10 70 482.60 0.94 3.71 







10 40 275.80 0.88 0.47 
10 60 413.70 0.87 0.93 
10 70 482.60 0.56 1.15 
10 80 551.60 0.65 1.05 
SEA 
10 40 275.80 0.88 1.57 
10 60 413.70 0.71 2.07 
10 70 482.60 0.43 2.50 
10 80 551.60 0.48 1.71 
40 
EA 
10 60 413.70 0.46 2.06 
10 70 482.60 0.23 1.39 
10 80 551.60 0.16 3.95 
SEA 
10 60 413.70 0.93 1.36 
10 70 482.60 0.85 1.51 




The general regression models for the material properties (and  were also developed 
for foam and emulsion mixes as follows: 
Foamed asphalt mixes: 
µ = - 3.96 - 5.24 x1 - 2.44 x2 + 0.483 x3 + 0.101 T + 0.0138 d   (R2 = 64.4%)     (5-6) 
α = 1.03 + 0.134 x1 - 0.0142 x2 - 0.0106 x3 - 0.00205 T - 0.000508 d (R2 = 42.4%) (5-7) 
Emulsified asphalt mixes: 
µ = - 0.54 + 0.213 x1 + 2.68 x2 - 1.06 x3 + 0.0117 T + 0.00524 d     (R
2 = 59.4%)    (5-8) 
α = 0.954 + 0.280 x1 + 0.0454 x2 - 0.137 x3 + 0.00003 T - 0.000553 d   (R
2 = 47.5%) (5-9) 
Where; 
and permanent deformation properties of the materials 
x1 = 1 (marl) or x1 = 0 (otherwise); 
x2 = 1 (sabkha) or x2 = 0 (otherwise); 
x3 = 1(FA or EA) or x3 = 0 (otherwise); 
T = temperature in degree 
d = deviator stress in kPa 
The performance and correlations of the above general models of the permanent 
deformation parameters are very low compared with the models shown in Tables 5.3 and 
5.4. Thus, it is recommended to use developed models in terms of temperature and 
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deviator stress (Tables 5.3 and 5.4) for modeling, since they have high correlations, 
instead of the general models above. 
Table  5-3: Regression Models of μ and α for Foamed Asphalt Mixes. 
 
Table  5-4: Regression Models of μ and α for Emulsified Asphalt Mixes. 
 
 
5.2 Validation and Calibration of Rut Depth Prediction Models 
Simulation in accelerated pavement tests (APT) such as wheel tracking (WT) test 
is the most effective manner to test the impact of traffic loading and environmental 
conditions on pavement configurations. Recently, these tests are called Hamburg wheel 
test and used for superpave evaluation process. As mentioned before the rutting 
prediction models derived in this study are based on the dynamic triaxial test which is 
different than WT in many aspects such as boundary conditions and traffic loading, etc. 
Soil Type Stabilizer μ R
2 α R
2
FA μ = - 5.81 + 0.0161 T + 0.0133 d 0.97 α = 1.15 + 0.000037 T - 0.000598 d 0.95
SFA μ = - 1.53 + 0.0189 T + 0.00325 d 0.934 α = 1.04 - 0.00115 T - 0.000334 d 0.974
FA μ = - 3.80 + 0.0502 T + 0.0125 d 0.95 α = 0.805 + 0.000926 T - 0.000181 d 0.962
SFA μ = - 1.88 + 0.0204 T + 0.00776 d 0.882 α = 0.865 - 0.000741 T - 0.000181 d 0.892
FA μ = - 14.7 + 0.345 T + 0.0261 d 0.85 α = 1.93 - 0.0247 T - 0.00154 d 0.902




Soil Type Stabilizer μ R
2 α R
2
EA μ = - 0.113 -0.00005 T + 0.00113 d 0.914 α = 0.812 + 0.00326 T + 0.00004 d 0.949
SEA μ = - 10.9 + 0.037 T + 0.0278 d 0.826 α = 1.14 - 0.000296 T - 0.000518 d 0.916
EA μ = - 3.31 + 0.0247 T + 0.0137 d 0.867 α = 1.17 - 0.00444 T - 0.000979 d 0.715
SEA μ = - 0.91 - 0.0719 T + 0.0157 d 0.811 α = 0.341 + 0.0146 T + 0.000036 d 0.915
EA μ = - 5.63 + 0.107 T + 0.00897 d 0.714 α = 2.17 - 0.0280 T - 0.00178 d 0.918






However, both methods remain only a simulation of actual behavior of the material 
[Hussain et al., 2013]. The effect of the boundary conditions on the results of the dynamic 
triaxial tests models developed in this study is obvious which in turn would be reflected 
by the developed models behavior. Thus, it is necessary to verify and calibrate these 
models with the results of the wheel tracking test which presents a better simulation to 
actual field.  
Figure 5.2 shows the procedure of the calibration process. First, the permanent 
deformation properties  of the materials (α’ and µ’) calculated from the developed triaxial 
models at a temperature of 22 
o
C and under a deviator stress of 552 kPa (as in WT test) 
for each mix were entered into VESYS 5W software and rut depths were predicted. The 
predicted rut depths were compared with the rut depths measured using WT tests. If the 
predicted rut depth is similar to the measured rut depth within 90%, then, no need for 
calibration and the model can be used for rutting prediction, otherwise, α’ and µ’ were 
multiplied by the ratio of the recent predicted rut depth (RD+1) to the rut depth predicted 
in the previous step (RD) and called α’i+1 and μ’i+1 as shown in the flowchart. α’i+1 and 
μ’i+1 were reentered into the VESYS 5W software and the process was repeated till the 
predicted rut depth is close to the WT-measured rut depth within 90%. Finally, 
calibration factors for the permanent deformation properties (α’ and µ’) for each mix 
were determined and are listed in Table 5.5. Figures 5.3 to 5.8 show the WT- measured 
and VESYS 5W- predicted rut depth curves for the marl, sabkha and sand treated with 
FA, SFA, EA and SEA, respectively. It is clear from the figures that the calibrated 














Figure  5-2: Model Calibration Flowchart. 
Table  5-5: Calibration Factors for α and µ. 
Soil Type Treatment Type αCF µCF 
Marl 
FA 0.8904 1.058 
SFA 0.9638 2.50 
Sabkha 
FA 1.0959 1.429 
SFA 0.8267 0.351 
Sand 
FA 0.6604 1.16 
SFA 0.7843 1.098 
Marl 
EA 0.7912 2.941 
SEA 0.9412 1.331 
Sabkha 
EA 1.321 1.77 
SEA 0.60 0.903 
Sand 
EA 0.93 1.191 
SEA 1 0.749 
Material Properties: α’ and 








α’i+1 = α’i * 
      
   
 
μ’i+1 = μ’i * 
      
   
 





















































































































































































































































































































































5.3 Development of Pavement Thickness Design Charts 
Design charts for pavement thickness design are developed in this section based 
on the modulus results presented in Chapter 4 and the calibrated rutting prediction 
models developed in the previous sections of this chapter. Only marl and sabkha soils 
treated with FA/SFA and EA/SEA were considered, since they gave a better permanent 
deformation resistance performance than sand soil mixes. 
5.3.1 Cases Analyzed 
Since most of the subgrade soils in the Kingdom of Saudi Arabia are usually marl, sabkha 
or dune sand, three different subgrade cases were selected and analyzed as follows: 
i. Marl Subgrade 
In this case a three layers system consisting of 2 inches of hot mix asphalt (HMA) 
layer for local street and a base course layer of stabilized marl with FA, SFA, EA 
and SEA on untreated  marl subgrade with CBR of 25 %  as shown in Figure 5.9. 
Since marl soil is more resistance to rutting and less permeable compared to 
others soils, there is no need for a subbase layer. 
 




ii. Sabkha Subgrade 
This case has two combinations as shown in Figure 5.9. In the first combination 
(Figure 5.9 (a)) 6 inches layer of untreated sand with CBR of 15% was used on 
the sabkha subgrade with CBR of 10%  as a subbase and drainage layer followed 
by a base layer of treated marl with FA, SFA, EA, and SEA and finally a 2 inches 
layer of HMA. The second combination (Figure 5.9 (b)) has the same structure as 
in the first combination with the base layer of treated sabkha with FA, SFA, EA 
and SEA instead of the treated marl. 
         
                                      (a)                                           (b) 
Figure  5-10: Case 2: Four Layers System-Sabkha Subgrade. 
 
iii. Sand Subgrade 
For the sand subgrade case, four layers systems with two combinations as shown 
in Figure 5.11 were analyzed. Figure 5.11(a) shows the first combination which 
consists of a 2 inches HMA layer over a base layer of treated marl with FA, SFA, 
EA and SEA and  6 inch subbase layer of untreated sabkha (CBR= 10%) over a 






Figure 5.11(b) has the same structure as in the first combination (Figure 5.11(a)) 
except that sabkha treated with FA, SFA, EA and SEA was used in the base layer 
instead of treated marl. The reason of using untreated sabkha soil as a subbase 
layer instead of untreated marl soil is the availability of sabkha soil particularly in 
deserts and these areas located along the coastal line of Arabian Gulf and red sea 
as well. Using marl soil will increase the cost of such projects, thus, it will be 
economical to use available sabkha as a subbase layer as long as it is insulated 
from water damage. 
           
   (a)                                                         (b) 
Figure  5-11: Case 3: Four Layers System- Sand Subgrade. 
 
To develop the design charts for any combination explained above, the following steps 
were followed (see Appendix B): 
 The Poisson ratio and resilient modulus for the asphalt concrete layer was taken 






 The Poisson ratio for other layers was taken as 0.35 and in order to obtain the 
accurate values of the resilient modulus for the treated base materials, the base 
layer was divided into sub-layers and starting with assumed initial seed values of 
resilient modulus based on the results of resilient modulus test presented in 
Chapter 4.  
 3D move analysis finite element software was used to compute the stress state in 
each sub-layer under the standard single axle load 80 kN (18 kips), since it has the 
ability to subdivide the base layer to 10 sub-layers. 
  The calculated average stress of the sub-layers was then used to recalculate the 
subsequent resilient modulus value and the process continued for a number of 
iteration until the difference between the assumed and calculated MR was less 
than 1%.  
 The calibrated models of the permanent deformation properties in Tables 5.3 and 
5.4 were used to calculate α and μ for the stabilized base layer under the 
calculated applied stress and at a certain temperature (22 
o
C or 40 
o
C). 
 The calibrated permanent deformation values α and µ, the resilient modulus and 
the Poisson ratio at both test temperatures (22 
o
C and 40 
o
C) were entered into 
VESYS 5W software to predict the layer and total rut depths for the pavement 
structure. 
 By limiting the total pavement and subgrade deformation to 2.54 cm (1 inch), the 
rutting service life were determined in the form of equivalent axle load (EAL). 




 Finally, the results of this process were presented in the form of design charts. In 
these charts, the total traffic in the terms of equivalent 80 kN (18 kips) axle load 
(EAL) is plotted versus the stabilized layer thickness.  
The developed design charts for the evaluated stabilized base materials in the different 
cases and combinations are presented in Figures 5.12 to 5.21.The results clearly reflect 
the performance of the treated materials (marl and sabkha) as they followed the same 
trend found from the laboratory dynamic triaxial tests and the verification test using 
wheel track. Thus, we can conclude that marl and sabkha soils with FA or SFA can be 
used for medium to high traffic volume roads, whereas, only marl treated with EA or 
SEA can be used for the same purpose. Sabkha stabilized with EA or SEA is suitable for 
a low to medium traffic volume roads.  
 




























Figure  5-13: Relationship between Marl-Emulsified Asphalt Base Thickness and Total 
Traffic-Case 1. 
 




















































Figure  5-15: Relationship between Sabkha-Foamed Asphalt Base Thickness and Total 
Traffic-Case 2. 
 




















































Figure  5-17: Relationship between Sabkha-Emulsified Asphalt Base Thickness and Total 
Traffic-Case 2. 
 























































Figure  5-19: Relationship between Sabkha-Foamed Asphalt Base Thickness and Total 
Traffic-Case 3. 
 





















































Figure  5-21: Relationship between Sabkha-Emulsified Asphalt Base Thickness and Total 
Traffic-Case 3. 
 
5.3.2 Work Results Limitations 
It is known that, many types of marl, sabkha and sand soils are available and each 
type has its own characteristic and engineering behavior depending on their physical and 
mechanical properties. Thus, it is worth mentioning that, the developed rutting prediction 
models and the pavement thickness design charts constructed for the cases analyzed in 
this study are restricted to the soils types whose characterizations and engineering 




























6 CHAPTER 6 
SUMMARY, CONCLUSIONS   AND 
RECOMMENDATIONS 
6.1 Summary 
This study was design to treat three eastern Saudi soils, namely marl, sabkha and 
dune sand. The potentiality of producing and using new asphaltic materials that are foam 
sulfur asphalt (SFA) and emulsion sulfur asphalt (SEA) in improving and enhancing the 
mechanical properties of these soils were investigated and compared with the 
conventional foam and emulsion asphalt (FA and EA) mixes.  
Characterization of the investigated soils was performed including specific 
gravity, Atterberg limits, grain-size distribution and mineralogical composition. The 
optimum moisture content corresponding to the maximum dry density of the investigated 
soils was determined using modified Proctor compaction test. Soaked California bearing 
ratio (CBR) test was conducted on marl and sand specimens soaked in normal water, 
whereas, sabkha specimens were soaked in sabkha brine. 
The evaluation of the mechanical properties of the conventional and improved 
mixes was performed by conducting Marshall stability, indirect tensile strength, 
durability, resilient modulus and static and dynamic triaxial test. Micro-characterization 
study using XRD and/or SEM devices were utilized to depict qualitatively the 
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mechanisms of improvement of some investigated soils mixes. Statistical analysis was 
also performed to test the significance of improvement in the mechanical properties under 
the effect of many factors. In addition to that, regression models were developed for 
predicting the mechanical properties such as, shear strength, resilient modulus and 
permanent deformation properties. The permanent deformation of the investigated 
conventional and modified mixes was also assessed by conducting dynamic triaxial and 
wheel tracking tests. Thereafter, the models of rutting prediction were developed and 
calibrated to the wheel tracking results and the pavement thickness design charts were 
constructed based on the calibrated models. 
6.2 Conclusions 
Based on the analysis and interpretation of the results presented in this study, the 
following main conclusions could be drawn: 
 Foamed sulfur asphalt (SFA) mixes were found to have higher stability than 
conventional foamed asphalt (FA) mixes and satisfied the requirement 
recommended by Asphalt Institute. On the other hand, emulsified sulfur asphalt 
were found to reduce the stability compared with standard emulsified asphalt, 
however, they still satisfied the Asphalt Institute requirements. 
 SFA showed a significant effect on the ITS for marl and sand soils, while, in 
sabkha soil an insignificant effect was observed compared with FA.  
 SEA increased ITS for marl and sabkha soils, while the inverse is true for sand 
soil. However, the increase in ITS was marginal.  
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 Results of ITS for FA, SFA, EA and SEA mixes, except dune sand mixes, 
satisfied the specifications assigned by SABITA [1998]. 
 SFA and SEA enhanced the durability of mixes against water damage effects and 
the stability loss was lower than conventional FA and EA mixes. 
 SFA has a significant effect on shear strength (particularly cohesion) of the 
investigated soils. On the other hand, SEA reduced the shear strength of the soils 
mixes. 
 The resilient moduli of SFA mixes are slightly less than FA mixes. However, the 
resilient moduli of SEA mixes are slightly higher than EA mixes. 
 The resilient moduli for all mixes were found to increase with the increase in 
deviator stress and  were slightly affected by the temperature increase which 
indicated that sulfur modified asphalt (SFA and SEA) mixes performed well at 
high temperature than conventional mixes (FA and EA). 
 SFA mixes showed superior rutting resistance compared with FA mixes. 
 SEA was found to increase the permanent deformation susceptibility of the soils 
mixes especially at 22 
o
C. 
 Permanent deformation prediction models were developed for the investigated 
mixes at 22 
o
C and 40 
o
C . 
 The developed models were calibrated with the wheel tracking test results at 22 
o




 VESYS 5W program is suitable to predict the rut depth since it can predict the 
layer rut depth and the total rut depth of the pavement structure with a reasonable 
degree of accuracy. 
6.3 Recommendations 
 Among all investigated soils, marl treated with FA, SFA, EA or SEA has a 
superior resistance to permanent deformation and can be used for heavy traffic 
roads. 
 Sabkha soil treated with FA and SFA also showed a high rutting resistance and 
can be used for medium to high traffic roads, whereas, sabkha treated with EA 
and SEA showed rutting susceptibility and can only used for low to medium 
traffic roads. 
 Dune sand treated with FA, SFA, EA and SEA are very sensitive to permanent 
deformation and showed a higher rutting, thus, it can only be used for light traffic 
roads such as agricultural roads. 
 Modified foamed and emulsified sulfur asphalt mixes should be introduced in 
Saudi road specification as construction materials. 
6.4 Future Research 
 Reinforce dune sand with the suitable percentage of marl soil and investigate the 
mechanical properties and permanent deformation susceptibility of the blend 
mixed with FA, SFA, EA and SEA. 
 Construct 200 m test section with SFA or SEA treated marl base/subbase layer 
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MINITAB PRINTOUT OF RESULTS ANALYSIS OF VARIANCE (ANOVA) 
 
1) Foamed Asphalt Mixes 
 
Minitab ANOVA Printout: Marl Soil 
Two-way ANOVA: Dry ITS versus Type of additive, % Residual Asphalt  
 
Source              DF      SS       MS      F      P 
Type of additives    1   17228  17228.0  13.29  0.022 
% Residual Asphalt   4  197094  49273.6  38.00  0.002 
Error                4    5186   1296.6 
Total                9  219509 
 
S = 36.01   R-Sq = 97.64%   R-Sq(adj) = 94.68% 
 
 
Two-way ANOVA: Soaked ITS versus Type of additive, % Residual Asphalt  
 
Source              DF      SS       MS      F      P 
Type of additives    1   17831  17831.2  28.95  0.006 
% Residual Asphalt   4  154863  38715.9  62.85  0.001 
Error                4    2464    616.0 
Total                9  175159 
 
S = 24.82   R-Sq = 98.59%   R-Sq(adj) = 96.83% 
 
 
Two-way ANOVA: Dry Stability versus Add. Type, Res. % 
 
Source     DF       SS       MS       F      P 
Add. Type   1   24.000  24.0000   48.00  0.020 
Res.%       2  134.333  67.1667  134.33  0.007 
Error       2    1.000   0.5000 
Total       5  159.333 
 
S = 0.7071   R-Sq = 99.37%   R-Sq(adj) = 98.43% 
 
 
Two-way ANOVA: Soaked Stability versus Add. Type, Res. %  
 
Source     DF       SS       MS     F      P 
Add. Type   1   16.667  16.6667  0.27  0.652 
Res. %      2   37.333  18.6667  0.31  0.765 
Error       2  121.333  60.6667 
Total       5  175.333 
 
S = 7.789   R-Sq = 30.80%   R-Sq(adj) = 0.00% 
 
 
General Linear Model: MR versus Temp., Type of Additive, ...  
 
Factor              Type   Levels  Values 
Temp.               fixed       2  1, 2 
Type of Additive    fixed       2  1, 2 
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Confining Pressure  fixed       5  1, 2, 3, 4, 5 
Dev. Stress         fixed       5  1, 2, 3, 4, 5 
 
 
Analysis of Variance for MR, using Adjusted SS for Tests 
 
Source              DF   Seq SS   Adj SS   Adj MS       F      P 
Temp.                1   104395   104395   104395    9.60  0.003 
Type of Additive     1   339150   339150   339150   31.18  0.000 
Confining Pressure   4  2954991  1146808   286702   26.36  0.000 
Dev. Stress          4  5271593  5271593  1317898  121.16  0.000 
Error               65   707016   707016    10877 
Total               75  9377145 
 
 





Minitab ANOVA Printout: Sabkha Soil 
 
Two-way ANOVA: Dry ITS versus Type of additives, % Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1  15966.0  15966.0  61.53  0.001 
% Residual Asphalt   4  65667.1  16416.8  63.26  0.001 
Error                4   1038.0    259.5 
Total                9  82671.1 
 
S = 16.11   R-Sq = 98.74%   R-Sq(adj) = 97.17% 
 
 
Two-way ANOVA: Soaked ITS versus Type of additives, % Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1   4243.6  4243.60  36.16  0.004 
% Residual Asphalt   4  36664.9  9166.21  78.11  0.000 
Error                4    469.4   117.35 
Total                9  41377.9 
 
S = 10.83   R-Sq = 98.87%   R-Sq(adj) = 97.45% 
 
  
Two-way ANOVA: Dry Stability versus Add. Type, Res. %  
 
Source     DF       SS       MS     F      P 
Add. Type   1   0.0400   0.0400  0.00  0.972 
Res. %      2  12.9360   6.4680  0.25  0.799 
Error       2  51.5760  25.7880 
Total       5  64.5521 
 








Two-way ANOVA: Soaked Stability versus Add. Type, Res.%  
 
Source     DF       SS       MS     F      P 
Add. Type   1   0.1350  0.13500  0.02  0.910 
Res.%       2  16.6606  8.33032  1.00  0.499 
Error       2  16.6159  8.30795 
Total       5  33.4115 
 
S = 2.882   R-Sq = 50.27%   R-Sq(adj) = 0.00% 
 
General Linear Model: MR versus Temp., Type of Additive, ...  
 
Factor              Type   Levels  Values 
Temp.               fixed       2  1, 2 
Type of Additive    fixed       2  1, 2 
Confining Pressure  fixed       5  1, 2, 3, 4, 5 
Dev. Stress         fixed       5  1, 2, 3, 4, 5 
 
 
Analysis of Variance for MR, using Adjusted SS for Tests 
 
Source              DF   Seq SS   Adj SS   Adj MS       F      P 
Temp.                1    90976    90976    90976   10.32  0.002 
Type of Additive     1   267297   267297   267297   30.32  0.000 
Confining Pressure   4  2731867  1067694   266923   30.27  0.000 
Dev. Stress          4  4607476  4607476  1151869  130.64  0.000 
Error               65   573117   573117     8817 
Total               75  8270733 
 
 
S = 93.8999   R-Sq = 93.07%   R-Sq(adj) = 92.00% 
 
Minitab ANOVA Printout: Sand Soil 
Two-way ANOVA: Dry ITS versus Type of additives, % Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1   128.14  128.135   9.23  0.038 
% Residual Asphalt   4  2370.02  592.504  42.68  0.002 
Error                4    55.53   13.884 
Total                9  2553.69 
 
S = 3.726   R-Sq = 97.83%   R-Sq(adj) = 95.11% 
 
 
Two-way ANOVA: Soaked ITS versus Type of additives, % Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1   171.48  171.480  52.91  0.002 
% Residual Asphalt   4  1024.79  256.197  79.05  0.000 
Error                4    12.96    3.241 
Total                9  1209.23 
 








Two-way ANOVA: Dry Stability versus Add. Type, Res.%  
 
Source     DF       SS       MS     F      P 
Add. Type   1  0.04167  0.04167  0.02  0.892 
Res.%       2  5.29000  2.64500  1.50  0.400 
Error       2  3.52333  1.76167 
Total       5  8.85500 
S = 1.327   R-Sq = 60.21%   R-Sq(adj) = 0.53% 
 
Two-way ANOVA: Soaked Stability versus Add. Type, Res. %  
 
Source     DF       SS       MS     F      P 
Add. Type   1  0.10667  0.10667  0.05  0.850 
Res. %      2  0.72333  0.36167  0.16  0.865 
Error       2  4.62333  2.31167 
Total       5  5.45333 
 
S = 1.520   R-Sq = 15.22%   R-Sq(adj) = 0.00% 
 
 
General Linear Model: MR versus Temp., Type of Additive, ...  
 
Factor              Type   Levels  Values 
Temp.               fixed       2  1, 2 
Type of Additive    fixed       2  1, 2 
Confining Pressure  fixed       5  1, 2, 3, 4, 5 
Dev. Stress         fixed       5  1, 2, 3, 4, 5 
 
 
Analysis of Variance for MR, using Adjusted SS for Tests 
 
Source              DF   Seq SS   Adj SS   Adj MS       F      P 
Temp.                1    51158    51158    51158    7.33  0.009 
Type of Additive     1   124339   124339   124339   17.81  0.000 
Confining Pressure   4  2813944  1192499   298125   42.71  0.000 
Dev. Stress          4  4511865  4511865  1127966  161.59  0.000 
Error               65   453730   453730     6980 
Total               75  7955036 
 
 





2) Emulsified Asphalt Mixes 
 
Minitab ANOVA Printout: Marl Soil 
Two-way ANOVA: Dry ITS versus Type of additives, % Residual Asphalt  
 
Source              DF      SS       MS       F      P 
Type of additives    1    1570   1570.4    3.84  0.107 
% Residual Asphalt   5  295635  59127.0  144.49  0.000 
Error                5    2046    409.2 
Total               11  299251 
 
S = 20.23   R-Sq = 99.32%   R-Sq(adj) = 98.50% 
 
 
Two-way ANOVA: Dry Marshal Stability versus Type of additives; % 
Residual Asphalt  
 
Source              DF       SS       MS       F      P 
Type of additives    1  369.835  369.835  372.23  0.000 
% Residual Asphalt   5  322.117   64.423   64.84  0.000 
Error                5    4.968    0.994 
Total               11  696.920 
 
S = 0.9968   R-Sq = 99.29%   R-Sq(adj) = 98.43% 
 
Two-way ANOVA: Soaked Marshal Stability versus Type of additives, % 
Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1  301.277  301.277  96.25  0.001 
% Residual Asphalt   4  241.785   60.446  19.31  0.007 
Error                4   12.521    3.130 
Total                9  555.583 
 
S = 1.769   R-Sq = 97.75%   R-Sq(adj) = 94.93% 
 
 
General Linear Model: MR versus Temp., TYPE OF ADD, Confining Pr., DEV.  
 
Factor              Type   Levels  Values 
Temp.               fixed       2  1, 2 
TYPE OF ADD         fixed       2  1, 2 
Confining Pressure  fixed       5  1, 2, 3, 4, 5 
DEV                 fixed       5  1, 2, 3, 4, 5 
 
 
Analysis of Variance for MR, using Adjusted SS for Tests 
 
Source              DF   Seq SS   Adj SS   Adj MS       F      P 
Temp.                1    34690    34690    34690    4.18  0.045 
TYPE OF ADD          1     4440     4440     4440    0.54  0.467 
Confining Pressure   4  3037049  1204065   301016   36.30  0.000 
DEV                  4  5540866  5540866  1385216  167.04  0.000 
Error               65   539021   539021     8293 





S = 91.0639   R-Sq = 94.11%   R-Sq(adj) = 93.21% 
 
Minitab ANOVA Printout: Sabkha Soil 
Two-way ANOVA: Dry ITS versus Type of additives, % Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1   2646.3  2646.26  12.55  0.024 
% Residual Asphalt   4  21984.9  5496.23  26.07  0.004 
Error                4    843.2   210.80 
Total                9  25474.4 
 
S = 14.52   R-Sq = 96.69%   R-Sq(adj) = 92.55% 
 
 
Two-way ANOVA: Dry Marshal Stability versus Type of additives, % 
Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1   7.7536  7.75358  67.22  0.001 
% Residual Asphalt   4   8.7960  2.19901  19.06  0.007 
Error                4   0.4614  0.11535 
Total                9  17.0110 
 
S = 0.3396   R-Sq = 97.29%   R-Sq(adj) = 93.90% 
 
Two-way ANOVA: Soaked Marshal Stability versus Type of additives, % 
Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1  1.58958  1.58958  33.45  0.004 
% Residual Asphalt   4  4.55402  1.13851  23.96  0.005 
Error                4  0.19008  0.04752 
Total                9  6.33368 
 
S = 0.2180   R-Sq = 97.00%   R-Sq(adj) = 93.25% 
 
 
General Linear Model: Mr versus Temp., TYPE OF ADD, Confining Pr., DEV.  
 
Factor              Type   Levels  Values 
Temp.               fixed       2  1, 2 
TYPE OF ADD         fixed       2  1, 2 
Confining Pressure  fixed       5  1, 2, 3, 4, 5 
DEV                 fixed       5  1, 2, 3, 4, 5 
 
 
Analysis of Variance for Mr, using Adjusted SS for Tests 
 
Source              DF   Seq SS   Adj SS   Adj MS       F      P 
Temp.                1    45793    45793    45793    7.18  0.009 
TYPE OF ADD          1     8100     8100     8100    1.27  0.264 
Confining Pressure   4  2492297   993146   248287   38.94  0.000 
DEV                  4  4578132  4578132  1144533  179.51  0.000 
Error               65   414441   414441     6376 





S = 79.8499   R-Sq = 94.50%   R-Sq(adj) = 93.66% 
 
Minitab ANOVA Printout: Sand Soil 
Two-way ANOVA: Dry ITS versus Type of additives, % Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1   3280.7  3280.69  17.06  0.014 
% Residual Asphalt   4   7376.7  1844.17   9.59  0.025 
Error                4    769.2   192.31 
Total                9  11426.6 
 
S = 13.87   R-Sq = 93.27%   R-Sq(adj) = 84.85% 
 
 
Two-way ANOVA: Dry Marshal Stability versus Type of additives, % 
Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1  10.5750  10.5750  56.25  0.002 
% Residual Asphalt   4  34.4188   8.6047  45.77  0.001 
Error                4   0.7519   0.1880 
Total                9  45.7457 
 
S = 0.4336   R-Sq = 98.36%   R-Sq(adj) = 96.30% 
 
 
Two-way ANOVA: Soaked Marshal Stability versus Type of additives, % 
Residual Asphalt  
 
Source              DF       SS       MS      F      P 
Type of additives    1   5.1273  5.12729  63.49  0.001 
% Residual Asphalt   4  19.3503  4.83758  59.91  0.001 
Error                4   0.3230  0.08075 
Total                9  24.8006 
 
S = 0.2842   R-Sq = 98.70%   R-Sq(adj) = 97.07% 
 
General Linear Model: MR versus Temp., TYPE OF ADD, Confining Pr., DEV.  
 
Factor              Type   Levels  Values 
Temp.               fixed       2  1, 2 
TYPE OF ADD         fixed       2  1, 2 
Confining Pressure  fixed       5  1, 2, 3, 4, 5 
DEV                 fixed       5  1, 2, 3, 4, 5 
 
 
Analysis of Variance for MR, using Adjusted SS for Tests 
 
Source              DF   Seq SS   Adj SS   Adj MS       F      P 
Temp.                1    27901    27901    27901    4.53  0.037 
TYPE OF ADD          1     1731     1731     1731    0.28  0.598 
Confining Pressure   4  2328459   935992   233998   38.02  0.000 
DEV                  4  4009368  4009368  1002342  162.86  0.000 
Error               65   400048   400048     6155 
Total               75  6767506 
 
 




AN EXAMPLE OF PAVEMNT THICKNESS DESIGN CHART 
DEVELOPMENT 
a) To show how permanent deformation parameters (α and µ) were obtained, marl soil 
treated with SFA and tested at 40 
o
C under stress level of 60 psi is used as an 
example. The result of dynamic triaxial test (the straight portion in the second stage) 
was presented in the log-log scale as shown in Figure B-1 below and thereafter, the 
slope (b) and intercept (a) coefficients of the curve were obtained. Resilient strain was 
calculated according to Eq. 5.4. Finally α and µ were calculated using Eq. 5.2. 
 
Figure B.1: Plot of Regression Coefficients a and b from Log Permanent Strain-Log 
Number of Loading Cycles. 
Deviator stress = 413.68 kPa (60 psi) 
Resilient modulus = 1683.2 Mpa (from Table 4.4) 
Resilient Strain   =  
   
  
  = 246 microstrain 
a = 1144 and b = 0.141 (from Figure B.1). Hence,    
  
  
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b) To show how pavement thickness design charts for the stabilized materials were 
developed, the pavement structure shown in Figure B.2 where sabkha soil treated 
with foamed sulfur asphalt (SFA) as a base layer is used as an example (see cases 
analyzed in Chapter 5): 
  
Figure B.2: Case 2(b): Four Layers System Sabkha Subgrade 
 
 Case 2 (b) shown in Figure B.2 is a four layers system with AC layer (2 inch), 
stabilized sabkha base layer (variable thickness), sand subbase layer (6 inch) 
with CBR = 15% and sabkha subgrade soil with CBR = 10%. Poisson ratio = 
0.35 for all layers. 
 The thickness of AC layer (2 inch) and sand subbase layer (6 inch) were 
selected according to the specification of the Ministry of Transport. 
 The purpose was to develop a thickness design chart for the SFA- sabkha base 
layer by changing its thickness and determined the corresponding rutting life 
for the pavement structure. 
 By fixing the AC and  sand subbase layers thicknesses and starting with 4 inch 





  Resilient modulus for subgrade and subbase were calculated based on CBR 
value using formula MR (psi) = 2555 (CBR)
0.64
 or MR (MPa) = 17.6 (CBR)
0.64
 
MR (subgrade) = 77 MPa              MR (subbase) = 100 MPa 
 Using the procedure explained in Chapter 5 for resilient modulus calculation 
for the stabilized base layer the average stress calculated suing 3D move FE 
software was 184 kPa (26.7 psi) at 22 
o
C and 215 kPa (31.2 psi) at 40 
o
C.  
 Based on the calculated average stress and by using Table 4.4, the resilient 
modulus of the stabilized sabkha base layer: 
MR (22 
o
C) = 757.1 MPa and MR (40 
o
C) = 848 MPa 
 Using the calibrated rutting models (Table 5.3 and Table 5.5), the permanent 
deformation parameters of the stabilized sabkha base layer were calculated: 
At 22 
o
C : µ =  0.001       and     α = 0.674 
At 40 
o
C: µ = 0.212        and    α = 0.653 
 Permanent deformation parameters for subgrade soils (Table 5.1): 
For    sabkha:  µ = 0.20     and     α = 0.85 
For     sand:  µ = 0.43   and   α = 0.80 
 Permanent deformation parameters for AC layer: 
At 22 
o
C: µ = 0.35       and α = 0.78 
       At 40 




 Using VESYS 5W software and input all structural information above for all 
pavement layers at the two seasons temperatures (22 
o
C and 40 
o
C), the total 
traffic in the terms of equivalent 80 kN (18 kips) axle load (EAL) required to 
cause total rutting failure (2.54 cm) was determined as (N = 2,883,110) and 
plotted versus the stabilized layer thickness (4 inch = 100 mm). This is 
considered one point in the curve of the design chart. 
 The thickness of the stabilized base layer was then increased and the process 
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